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SEMICONDUCTOR THERMOELEMENTS 



PREFACE 


My book ‘Semiconductor Thermoelements’, published at the beginning 
19ft6. is a supplemented edition of ‘Energetic Principles of Semicon- 
ductor Thermoelectric Batteries’ published in 1949. This English trans- 
tutlon naturally takes into account the advances reported in the world 
si irnlific literature since the publication of the book, as well as those 
avhUved at the Institute for Semiconductors. We now have a better un er- 
•tandlng of the mechanism of the appearance of thermal emf s and of the 
Mooesaao of thermal and electrical conduction in semiconductors, and of 
l.aw to apply our knowledge to the achievement of practical results^ 

this hook reflects the state of the problem as 1 understand it at 
present. In addition. I thought that readers of this translation would be 

rated in some devices which have already been constructed in the 

,„v|«t Union. The book is therefore supplemented with a brief description 
ii| , erlnin instruments which have proved themselves in practice. 

la principle, the application of semiconductor thermoelements extends 
„ V er (ho entire field of power generation, refrigeration, and heating, rhe 

I possibilities depend, however, on the characteristics of the 

svsllshle thermoelements, their efficiency, operating temperature limits, 
alshlllty In operation, and cost. 

Th, most important characteristic of the thermoelements is a quantity 

.luorrlbod in the text by the letter *, defined by the equation * - 

where n la the thermoelectric power, o is the specific electncal conduc- 
tivity, -ml a Is the specific thermal conductivity When a is expressed in 
V . L \ » in ohm- x cm- «d « in W » deg* x cm**, then * has the 
ill men si on of deg*. The value of z for our best thermoelements ranges 

| ft „ IQ- to 3 x 10- °K- depending on the operating temperature. 

11,1. Imp I Is. that the efficiency of thermoelectric generators is » the 
i,n ns ft 10W. the maximum temperature difference given by the 1 eltier 

„f ., refrigerating unit is 0 4-0.7 at a temperature difference of 40 . wh.l 
that of a heating Unit is »-5-l 8 for the same temperature difference 

l h see dais dsflgo the practical poe.lbHitle. at the beginning of 1M7. 
Inking Into account lh. fart that our level of knowledge ofi.mlconductor. 

I 
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is still low and that the range of materials so far investigated is small, it 
maybe expected that the characteristics listed above will be substantially 
improved and the applications of thermoelements will become more wide- 

8P 1 hope that this book will help to speed up progress towards this end. 
It has not been my aim to discuss the construction and technology of 
thermoelectric batteries for specific applications; these problems everyone 
will solve according to his needs. Everybody should, however, be guided 
by the general physical concepts which 1 have attempted to outline and 
explain here on the basis of our experience. 

1 hope that acquaintance with our experience and ideas underlying our 
work will prove useful to readers of the English translation. 

. P , March 1957 

A. F. Ioffe 


FROM THE FOREWORD TO THE RUSSIAN EDITION 

Although research into the problem of thermoelectricity is in progress 
in our country and although, e.g., thermoelectric generators utilising the 
waste heat from kerosene lamps for feeding radio receivers have been 
developed and are now produced on an industrial scale, it is obvious that 
the scale of this work does not bear any relation to the importance of the 
problem. The time has arrived to promote the advancement of applications 
of thermoelectricity and for taking thermoelements outside the walls of a 
few laboratories. The combined efforts of physicists and chemists, heat 
engineers and electrical engineers should be concentrated on the solution 
of this problem and, even at this early stage, it is necessary to secure 
the co-operation of our more advanced factories. 

This book and the collective work by A. F. Ioffe, L. S. Stil bans, 
T S Stavitskaya and E. K. lordanishvili ‘Thermoelectric Cooling’ describe 
our experience in this field and are designed to furnish research and 
production workers with the necessary information. 

The second chapter forms the core of the book. The first (introductory) 
chapter and the third (supplementary) chapter present, in an abbreviated 
form, previously published information facilitating understanding of the 
problem, or else describe new applications which have not yet been put 
into practice. 


CHAPTER 1 


INTRODUCTION 


1.1 Discovery of thermoelectric phenomena. In 1822-1823 Seebeck 
described in the Reports of the Prussian Academy of Sciences a pheno- 
menon which he named “the magnetic polarisation of metals and ores 
produced by a temperature difference”. It is obvious from the description 
of his experiments that Seebeck discovered thermoelectric currents arising 
in a closed circuit made up of different conductors at different junction 


This was an epoch when the discovery by Oersted of the effect of un 
electrical current on a magnetic needle was followed by a series of 
investigations by Ampdre, Biot, Savart, Laplace, and others who eluci- 
dated the interaction between electric currents and magnetic HHUa. 
Ampdre’s molecular current hypothesis reduced the source of magnetic 
phenomena to electrical currents. The science of electricity and mag 
netism grew from Monday to Monday (the day of the week on which the 
Paris Academy of Sciences used to sit); physicists, mathematicians and 

chemists played an active part in its development. 

This scientific development spread from Pans to Switzerland an 
Germany, and then to England, where it was enriched by Faraday - 

discovery of electromagnetic induction. _ 

When Seebeck’s experiments are considered without prejudice there 
. an be no doubt that the phenomena observed by him were caused by the 
electric current, (the disappearance of the magnetic effects whenever the 
.urrent was cut off by the introduction of a non-conducting layer, the 
p, .imitative relationship between the magnetic field produced by the 
, urT „nt and the observed deflections of the magnetic needle, etc.). How- 
ever. Seebeck not only rejected this natural explanation of his results 
hut fought sctively against it for several years after, accusing the expo- 
nents of thermoelectric current theory of following a fashion started by 

Oersted's discovery. . , . . 

An explsnslion of this dogm.tic -ttltude of Seebeck toward, hi. 
discovery may lie found in the concluding part of his large treatise, in 
which he make, an attempt to relate the Earth's magnetism to the tem- 
perature difference between the e.pislor or a range of southern volcsnoes 
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and the polar ice cap. It appears that this hypothesis was closer to his 
heart than the discovery of a still further source of electric current. The 
value of Seebeck’s paper does not, of course, lie in this hypothesis, (he 
himself showed that a temperature difference without a closed electrical 
circuit does not produce any magnetic effects), nor in the attempt to 
deny the existence of an electric current, but in the copious experimental 
material accumulated by him and covering a great variety of solid and 
liquid metals, their alloys, minerals, and semiconductors. Seebeck s 
mistake had a positive effect: in order to disprove the electrical origin 
of thermoelectric currents he compared, for a great variety of materials, 
the contact potential (Volta) effect with the effect of temperature dif- 
ference on a magnetic needle, and demonstrated the difference between 
these phenomena. 

The extensive thermoelectric series compiled by Seebeck is, even 
now, of interest. Using modem notation (a = thermoelectric power, and 
a = specific electrical conductivity), the Seebeck series is in the order 
of magnitude of the product aa and not the quantity aV* (where k is 
specific thermal conductivity) which, as will be seen later on, charac- 
terises the thermoelectric properties of materials. The thoroughness of 
Seebeck’s investigations may be illustrated, for example, by the fact that 
in an article by Maria Telkes published in an American journal 125 years 
later the best couple was given as ZnSb and PbS, which were the first 
and the last members in Seebeck’s series. 

A comparison of the qualitative Seebeck series with modem measure- 
ments of the thermoelectric power of metals shows good agreement. The 
divergence between Seebeck’s series and those of Justi and Meisner is 
not larger than the divergence between the latter two series. We are 
reproducing below the aforementioned thermoelectric series (the thermo- 
electric power in Justi’s and Meisner’s series is expressed in pV/deg). 

Had Seebeck followed his discovery with an attempt to use a thermo- 
couple to generate electrical energy, he could have obtained, using the 
first and last terms in his series, an efficiency of the order of 3%, i.e., 
as much as that of the best steam engines at that time. 

It must also be noted that Seebeck did not fail to pay attention to 
phenomena caused by a temperature difference in homogeneous materials 
and that he estimated qualitatively thermoelectric relationships which 
were rediscovered 30 years later by W. Thomson, who proved their exis- 
tence on the basis of a thermodynamic analysis of the thermoelectric 
procenaea. 

Twelve yonra after Seebeck’a diecovery Peltier, a watchmaker, pub- 
Halted in the Kr.nrh journal ’Annsl. Phye. Chlm.’ for 1R34 an nrticle on 
temperature an.mtall.a observed In the vicinity of the boundary between 
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two different conductors when a current was passing through them. The 
phenomenon first observed by Peltier, and therefore given the name ol 
Peltier effect, consists in reality of the generatton or absorption (depen 
ding on the direction of the current) of heat, at a rate <?, at the junction 
between two different conductors when a current / flows through them: 

0 = 11 / 

where II is the Peltier coefficient. 

The Peltier effect i» very closely related to the Seebeck effect, an 
the coefficient II to the thermoelectric power a: 

II -of 


-770 
-714 
-696 
-613 
-500 
-430 
-200 
-200 
-139 
-60 
-41 
-7 
+ 26 
+ 30 
+ 140 
+ 240 
+ 385 
+ 474 
+ 1000 
+ 1120 
+ 1150 
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where T is the absolute temperature of the junction. A temperature dif- 
ference produces an electric current in a closed circuit made of different 
materials, whilst, in turn, a current flowing through such a circuit produces 
a temperature difference. It is interesting that Peltier did not notice this 
connection in spite of the fact that he carried out his experiments using 
a thermoelectric circuit. In these experiments, the Seebeck effect was 
used solely for secondary purposes, namely as a source of weak currents. 

The anomalies discovered by Peltier were found to be the more pro- 
nounced the larger the thermoelectric powers of the metals involved; 
they were particularly conspicuous at the junction of bismuth with anti- 
mony. Peltier was, however, looking for, and finding, in his experiments 
the confirmation of a preconceived idea that the universal law of heat 
generation by current, viz the Joule-Lenz law, is only valid for strong 
currents. Peltier thought that in the case of weak currents produced by a 
thermocouple the individual properties of the metals began to have an 
effect. He did not find a confirmation of this hypothesis in the bulk 
properties of the conductors, but the anomalies at the junctions were 
affected by the nature of the metal (in reality by its thermoelectric 
properties). Peltier did not notice this and sought an explanation in the 
hardness or softness of the metal or its electrical conductivity, and 
when the facts did not come up to his expectations, for example in the 
case of bismuth, the thermal anomalies of which were attributed by Peltier 
to high electrical conductivity, he refused to believe the measurements. 

A few more years passed, during which Becquerel and other investi- 
gators tried to explain the true nature of the Peltier phenomenon, until in 
1838 the St. Petersburg Academician Lenz put an end to all doubts with 
a simple experiment. Lenz placed a droplet of water in a dent at the 
junction of bismuth and antimony rods. The droplet turned into ice when 
the current was reversed. It is known that to freeze 1 gm of water it is 
necessary to remove 80 cal, whilst in melting 1 gm of ice the same 
amount must be supplied. It thus became obvious that, depending on its 
direction, an electric current generates or absorbs heat at the junction of 
two conductors. 

Thermoelectric phenomena did not attract attention amongst physicists. 
They were obscured by the striking phenomena of electromagnetism which 
led Faraday to the discovery of electromagnetic induction. Physics was 
moving towards the generalising laws of Maxwell’s theory, and engineering 
towards electrical machinery. Thirty years had passed since Seebeck s 
discovery when, owing to the evolution of thermodynamics, all types of 
energy conversion became of interest, including the conversion of thermal 
and electrical energy In the Seebeck and Peltier effects. 

'Hits, in fact, was the approach adopted by W. ITlomaon, one of the 
foandera of then lynamics Thermodynamic analysis of the Seebeck and 
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Peltier effects led him not only to the establishment of the relationship 
between these two processes, which has already been mentioned above, 
but also to the discovery of a third phenomenon, the Thomson effect, 
consisting of the generation or absorption of heat q by the passage of a 
current / through a homogeneous conductor in which there is a temperature 


dT 

gradient — : 



r became known as the Thomson coefficient; as will be seen later it is 

related to the coefficients a and II. 

It should be remembered that the Thomson effect was earlier experi- 
mentally observed and investigated by Seebeck. 

In 1857 Thomson published his theory of the thermoelectric phenomena 
in anisotropic crystals; however, only in the 20th century was ,t shown by 
Bridgman that a change of the direction of the current in a crystal is 
connected with the absorption or generation of heat, as “ * e ““ ® 
ihe Peltier effect. Such an internal Peltier effect was called the Bridgman 

In 1920-21, almost one hundred years after Seebeck s discovery. 
Benedicks reported the discovery of two more thermoelectric effects 
depending on the value of the temperature gradient and not on the tem- 
perature difference between the ends of the conductors. When the ends 
id „ conductor are at the same temperature, but if there is a wanner or 
i ooler portion in between them, then, according to Benedicks, a potential 
difference will appear between the ends of the conductor when the warm 
( ( ,r cool) portion is not symmetrically placed, i.e. is closer to one of 
ends. A careful check of the Benedicks effect by other investigators d,d 
not confinn its existence. It may be presumed that even if this effect 

• tints it is negligible. ...... ,, 

The phenomena enumerated above exhaust the field of thermoelec- 
tricity, if phenomena arising in a magnetic field, generally referred to as 
thermomagnetic phenomena, are not included. 

Thermocouples have been used for temperature measurement for a long 
lime, but the problem of their power application became of importance 
.mly with the growing demand for sources of electrical energy. 

In 1885 Rayleigh considered the problem of the efficiency of a henno- 

• Isctric generator and calculated it. though somewhat inaccurately. Ihe 
problem of a thermoelectric electrical energy generator was again taken 

in 1909 by Allenkirch, thia lime, on the whole, correctly. In 1 
Mirnk irch Invealigated the problem of thermoelectric cooling and heating. 
However, eince the only conductor, t.rbnl.ally known at that lime were 
metals, .uch device, were to I.e uneconomical It I- «ru. that « few 
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the advent of semiconductors. It i 8 very T^" 1 " ra<1,cal cban ge with 
degree of relationship between P h sics Vd °, f 1,16 present 

phenomena have again begun to attrLt c„n J e °^ aeeria « *•* all these 
8ICI8ts aad « Playing an import 0,7'^ • ^° ng P ^ 

eng.neenng. The thermoelectric aspects will . 8C, ": COnduc ‘° r Production 
J«s book. As far as other fields are nl 7 d.scussed in detail in 

fluorescent lamps, ceramic piezoelectricTT^’l “ 18 , enou 8 h t0 mention 
photocells, developed both in the Soviet Un 7 T 80lid and Vacuum 

generators became more effiCienCiC8 in ‘^rmoelectric 

industrialisation of the Soviet Union ** * e P roblema «f 

year plan, I outlined in 1929 the «d! “ be ginmng of the first five- 

made of semiconductors and calculated 77 £ f ber m° el ectric generators 
2-5-4% with prospects of an appreciable i **" eff,cienc y c °uld reach 
1940 Yu. P. Maslakovets “ the 1" fact, in 
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thermoelectric industrial ««> 3) 

great theoretical interest, but present real * dCV ' Ce8 ’ 0,6 not °nly of 
cat.on on the basis of the modern science °a praClical a PP U - 
some previously unforeseen applications h UCt0r8 ’ M °r«over, 

r^jL: r- : “ r “" t;r 

thermoelectric voltage dE in an o, • * y ‘ 1 th ® a PP ea rance of a 

— - ^ 

dE~ a „dT 

thermal emf.Tr “emoet^ poleTlT^ h sim P , Y as ‘he 

depend also on temperature)- 2) the’ Conduct °rs; a may 

t,ou^ t...... L 2" a ‘">" »' h '«- ■“) .. a. 

through themr n a cunre nt, dl amperes, flows 


dQ-n^di 


( 2 ) 


13 T I tl It U ( I ion 


do wmis 1 1 v „ //i . . at gnnemtinn of haul, 

> m n portion of the conductor with n length d* in 
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Hie Thomson heat generated in one second in one conductor is 
, / . whilst that absorbed in the other conductor is r dl dT The 
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neat and sometimes much greater. 
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Thomson assumed that the thermoelectric phenomena are not basically 
related to the heat conduction process and the generation of heat by the 
current. The thermal conductivity of a given material and its resistivity, 
which govern the irreversible processes in thermocouples, do not determine 
the Seebeck, Thomson, and Peltier effects. These last three phenomena 
may be considered in isolation, assuming that the thermal conductivity 
and the resistivity are arbitrarily low and neglecting irreversible processes 

as incidental. _ 

These considerations cannot be regarded as a convincing proof. More 
recently Onsager stated the conditions under which such a division of 
processes into reversible and irreversible is permissible. It appears 
that Onsager’s conditions are satisfied both by metals and semiconductors. 
This cannot, however, be regarded even yet as definitely established. 

Following Thomson, we shall assume, however, that the reversible 
part of thermoelectric processes may be considered separately from the 
irreversible processes and shall then check the resulting conclusions. 
Agreement between these conclusions and experimental results may be 
regarded as some confirmation of the underlying assumptions. Since we 
shall consider below only the theoretical conclusions, the theory will be * 
regarded here merely as a way of deriving these results. 

Thus, we shall apply the second law of thermodynamics to thermo- 
electric processes in a thermocouple with hot and cold junction tempera- 
tures 7\ and T 0 respectively. The hot junction receives an amount of heat 
n,/, and the cold junction gives up an amount of heat IV; the same 
time an amount of heat rldT is generated at a temperature T in each 
portion of the conductors in which there is a temperature difference dT. 

Reversibility of the processes leads to the condition that the total 
change of entropy of all the processes is equal to zero: 

r. 

+ dT = o. 

T T j T 
1 T 

Dividing this equation by / and differentiating it with respect to T, we 
obtain 



dll Q 
dT T 



(S) 


whence 
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Equation (5) together with equation (4) gives 

a = 5 . ( 6 ) 

T 

Each of the quantities in expression (6) may be separately measured, 
thus making it possible to check this expression, obtained by separating 
reversible from irreversible processes in the thermocouple. Experimental 
material so far accumulated has always confirmed equation (6) within the 
the limits of experimental accuracy. We shall, therefore, use equation (6), 
regarding it as an experimental fact. This equation gives 




= I x ^n_n. = l/^n_n\ 

T* dT r T\dT t)' 


According to equation (5) the expression in brackets is equal to (r, - r,). 
We have therefore 


. (7) 

dT T 

On the left hand side of equation (7) is a quantity relating to the 
boundary between the two conductors, and on the right hand side a dif- 
ference between two terms, each of which depends on the properties of 
only one conductor. 

A question can, therefore, be posed as to whether a,., may be regarded 
it m a difference between two quantities, a, describing the first conductor 

mid etj describing the second conductor. Integrating equation (7) we 
T T 

obtain a, , = I — dT — | — dT, where the lower limit of the integral 

Jr Jr 

0 0 

t orresponds to the temperature of absolute zero, at which both a,., and 
— are equal to zero. It is natural to regard 

dT 

T T 


a. -fadT-fedT, 

•'n 


T r T r 

<h-J T fdT, °>-JjdT. 
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In order to determine a, and a, in practice it would be necessary to 
know r(T ) from the absolute zero to the specified temperature. Experi- 
mental measurement of Thomson heat over such a wide temperature 
range is difficult and so far has only been accomplished for the normal 
silver alloy. The difference a, -a, and its temperature dependence have 
been determined frequently for a wide variety of materials. 

It can be readily shown that by measuring, at a certain temperature 
To, a,.,, a,. j, a V4 , we shall obtain a,_, + a,., + a ,_ 4 + ...+ 

+ a{„ -,)-n = Oi -»• 1“ 9 * nce all the junctions 1—2, 2—3, 3— 4... are 
at the same temperature T 0 , any change of the emf of the couple l,n by 
connecting into the circuit intermediate conductors 2,3... . would require 
the conversion of heat from the surroundings into electrical energy 
without any compensation, which contradicts the second law of thermo- 
dynamics. The independence of the value of <z i>n from the effect of the 
intermediate conductors forms the basis for setting up a thermoelectric 
series. Experiment has always confirmed this relationship. 

If we could ascribe to some substance a definite value a = a 0 we would 
then be able to determine the absolute as well as the relative values of 
the thermal emf coefficient of all substances. Equation (7a) makes this 


I 

possible once J j,dT bas been measured for one substance only; 


the accuracy of such a measurement is, however, low, although numerous 
investigators (Borelius, Keesom, and others) have made attempts to 
determine r(T) close to the absolute zero. Consideration of tbe mecha- 
nism of thermoelectricity affords another method for determining the 
absolute values of a and this will be considered in the following para- 
graph. 

Equation (6) has been checked many times for different materials and 
found to hold in all cases. Using equations (6) and (7) it is possible to 
express the Peltier coefficient II and the Thomson coefficient r through 

a and — . In particular, when — = 0, r. = r a and therefore the quantities 

dT dT 

of Thomson heat generated in the two branches of the thermocouple are 
equal and opposite in sign. The Thomson heat generated in a closed 
circuit is 

q = (r, - r,)/(T, - T,), 


and tbe Peltier heat is 


Q-alT. 


INTRODUCTION 


13 


The higher (T, - T,) as compared with T, the greater is the relative 
part played by Thomson heat. 

Itwould appear thatpurely thermodynamic considerations make possible 
not only the establishment of a relationship between II, r, and a, but 
also the determination of the actual value of a. In fact, let us consider 
a junction between two electronic conductors through which passes 1 
coulomb of electricity, at an infinitesimally slow rate, so that the current 
I is infinitesimally small; the temperature of the whole circuit is assumed 
to be constant and equal to T. In such a circuit there is no heat conduc- 
tion or Joule heat loss and the whole circuit may be regarded as a system 
in equilibrium in which all processes change their sign with the change 
of the sign of /. 

Equilibrium of two conductors implies an equilibrium of their chemical 
potentials fL We shall regard p as referring to one electron and equate 
it to free energy U - TS : 

jx = i/, - rs, = f/, - rs, = c/ - ts 

On the other hand, the average energies U of electrons in two conduc- 
tors in contact are different and their entropies S are also different, viz 



When an electron passes through the .boundary its energy changes by 
nn average of £/, - £/,; it is this energy that is generated in the form of 
of Peltier heat II,.,. Hence 



(8) 


It might have been expected that the thermal emf a at the boundary 
between two electronic conductors could be determined as a difference 
of entropies of 1 coulomb of electricity in the two conductors. This 
assumption is, however, not entirely correct: in the equilibrium state 
the electron velocity distribution follows a certain statistical law. In 
ii atream of electrons tbe velocity distribution changes; for example, 
Inut electrons pass from one conductor into another in a larger number 
limn slow electrons. Electrons which remain in the first conductor restore 
the statistical equilibrium which brings about a further change of entropy. 
Therefore the entropy flux from one substance into another is not equal 
in the difference of the entropies in each of the substances before the 
• ■change of the electrons. Equation (8) may only be regarded as an 
approximation Calculation of the exact value of a,., is, therefore, only 
possible starting with the consideration of the mechanism of electron 


transfer. 
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Let j denote the current of electrons through the boundary between two 
substances; this current consists of currents of electrons with all values 

of kinetic energy c. «, 

/ m f j{t) d( . 

0 

The average value of the energy of electrons in the current is 

/ c/(e)rf< 

— _ 0 

]j(t)d€ 

0 

Let /.U) denote the equilibrium energy distribution function of the 
electrons and Mr) the free path length of an electron with an energy «; 
the current j can then be represented in the form 


/-C f d J^-l{ t )td€. 
" d( 


This expression is equally true for a current of gaseous molecules. 
Substituting it into the equation for r we obtain 

] iWd* 


J 

r * 

If S is the flow of entropy with the passage of one electron, then the 
flow of entropy — corresponding to 1 coulomb of electrical charge, on 

which the value of a depends, will be described by the expression 


S l/< k/7_ A 

a = 7 = 7\r tj AkT kT) 


Using the notation !— = (* and = p*. we have 

T f JfW 

k\ J d t * 


a ■ — 
€ 


7 /(,*), *d>* 

J 
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The Peltier heat II = aT = — (r - p). 

e 

These are the most general expressions for the thermal emf and the 
Peltier coefficient which are valid both for degenerate and non-degenerate 
semiconductors and metals. 

1.3 Statistical theory. At the beginning of this century, the theory 
of metals was based on the concept of the presence in each metal of a 
certain concentration of free electrons n, different for differing metals, 
moving at random within the metal in a similar way to gas molecules. 
According to these theories (Rieke, Drude, Lorentz and Debye) electrons 
were governed by the same Boltzmann statistics as gaseous molecules. 
As in a gas their average translation energies were regarded as equal 

lo — kT where k is the Boltzmann constant and T the absolute tempera- 
ture. 

The thermal emf P in an open circuit consisting of two metals, calcu- 
lated according to this theory, was 

. T, 


i t 

ej a, 


It ran be readily calculated that, e.g., when — = 2.7, P = 86x T,) 

volts, and a = 86 pP/deg, which is much higher than the experimentally 
observed value of a in cases where one would expect that — > 2.7. 

Kor the majority of metals a does not exceed a few pV/deg. 

Ihe quantum theory of metals developed in 1927—1928 by Ya. 1. Frenkel’ 
In one form and by A. Sommerfeld in another form eliminated this dis- 
i irpuncy as well as many others. 

Ac cording to the theory of Sommerfeld who applied Fermi-Dirac quantum 
statistics to electrons in metals, the thermal emf between two metals is 
In a first approximation (taking into account only linear terms) equal to 
‘•>>o. Only the next approximation leads to a certain finite, although very 
small, value of a. All this is not surprising. Let us consider a metallic 
mil, the ends of which are at different temperatures. Since the tempera- 
tun does not change the concentration of electrons ra in the metal but 
l*i i ngs about only a slight redistribution of their thermal agitation velo- 
• Hies, it in obvious that a large thermal emf cannot arise in such a metal. 

Ilin state of semiconductors in the quantum theory is similar to that 
it the classical metal considered at the beginning of the 20th century. 

' of the electrons in semiconductors are found to be free. The con- 

'• Miration of free electrons in semiconductors varies but is usually so 
iimidi smaller than in metals that the Boll /.matin classical statistics are 
*|iplti'shls. A rise of temperature leads to a change in both the concen- 
t ■ at ion of free elei Irons and their kinetic energy which, ns in the case 
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of gati molecules, may be equaled to ‘ hT. I el us consider n rod of 

dT 

semiconductor in which there is u temperuture gradient — . At the hot 

dx 


end of the rod both the concentration and the velocities of the electrons 
are higher than at the cold end. Therefore more electrons will start to 
diffuse in the direction of the temperature gradient than in the opposite 
direction. The diffusion flux, carrying the negative charge away from 
the hot end and transferring it to the cold end, sets up a potential dif- 
ference between the ends. 

The diffusion process is increasingly retarded by the electrical field 
in the interior of the semiconductor until the flux of electrons caused by 
diffusion is equal to the reverse flux caused by the potential difference 
which has arisen. Under these conditions a dynamic electron equilibrium 
in the semiconductor will be established, under which the temperature 
difference between the ends of the rods will maintain a corresponding 
potential difference. 

The number of electrons passing through any cross-section of the 
conductor in a unit time in both directions is equal. However, the velo- 
cities of electrons proceeding from the hot end are higher than the velo- 
cities of electrons passing through the given section from the cold end. 
This difference ensures that there is a continuous transfer of heat energy 
in the direction of the temperature gradient without any actual charge 
transfer. 

The heat transfer mechanism is substantially different when negative 
(electrons) and positive (holes) charge carriers participate simultaneously 
in the current. Simultaneous transfer of equal numbers of holes and elec- 
trons does not lead to an accumulation of the charge and an increase of 
the potential. Simultaneous diffusion of electrons and holes from the hot 
end to the cold end is caused not only by the difference in the carrier 
velocities but also by their concentration gradient. 

In the case of such a bipolar diffusion a thermal emf can also arise 
due to the following two factors: 

1) When the concentration of one type of carrier (e.g. negative) 
exceeds the concentration of the opposite type of carrier the flux of the 
first type of carrier will carry towards the cold end predominantly a 
charge which will retard their motion and, conversely, accelerate the 
carriers of the opposite sign until the fluxes of both carriers are equal; 
an electric field governed by the temperature gradient will thus be estab- 
lished. 

2) The difference of charge carrier mobilities forms the second 
source of thermal emf s. The mobility u is related to the diffusion coeffi- 
cient D by the universal relationship established by Einstein: 


,1 


IN THOIHH TION 


17 


U « 

0~ kT 

Under the effect of the concentration gradient set up by the tempera- 
lure gradient, the carriers characterised by higher values of u and D 
would have moved forward hud they not created a space charge on becoming 
Hrpnruled from the curriers of opposite sign. The corresponding electric 
field E retards their motion and accelerates the slower carriers of the 
opposite sign. The electric field E equalises the velocities of both types 
of carrier enabling them to diffuse as a single body. 

Therefore, even when thermal agitation creates an equal number of 
lurrent carriers of each sign, their diffusion produces an electric field 
in the conductor depending on the difference in carrier mobilities. The 
Depression for this electric field E will be similar to that for the diffu- 
sion of ions in an electrolyte, namely 


e = £.“» : “» . 

+ «*i 

where E„ is the electric field which would have existed in the presence 
of current carriers of one sign only, and u, and Uj are the mobilities of 
positive and negative charges. 

The advantage of semiconductors when used as materials for thermo- 
elements is due to their higher values of thermal emf. We shall try to 
explain riie reasons for this property of semiconductors. 

In metals the concentration of free charge carriers is high (of the 
order of 10 a * cm'*) and does not depend on temperature; the kinetic 
energy of the highly degenerate electrons is virtually independent of 
temperature, and the same applies to the contact potential of the metal 
at its boundaries. Under such conditions thermal emf s as a rule do 
not exceed a few pV per °C. 

In semiconductors, however, temperature has a pronounced effect on 
the concentration n and kinetic energy f of free charge carriers, whilst 
the absolute value of the concentration is smaller by a few orders of 
magnitude (10 u to 10*° cm'*). The contact potential <f> of semiconductors 
with respect to metals and the corresponding chemical potential p are 
also functions of temperature. Thermal emf s amount in this case to 
hundreds of pV/°C. 

What part does each of the above enumerated factors (low concentra- 
tion, and the temperature dependence of the concentration, kinetic energy 
and contact potential) play in the appearance of high thermal emfs? 

In the volume of a semiconductor the temperature gradient sets up a 

diffusion flux due to the concentration gradient — and the gradient of 

dx 

the mean kinetic energy of free charge carriers When the charge 

dx 
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carriers are of one sign, the diffusion flux which transports them sets up 
an electric field E counteracting the diffusion. In the equilibrium state the 
electrical current produced by the field E balances the diffusion flux. 

We shall consider separately the phenomena occurring in the bulk of 
the semiconductor and at its boundaries. 

A temperature gradient may produce a unidirectional diffusion flux 

in two ways: 1) because of a concentration gradient of free carriers — , 

when n = f(T); and 2) because of variation of the coefficient of diffusion 
D with temperature. Variation of D with temperature may in turn stem from 
two causes: a) P may depend on the temperature T of the medium in 
which the carriers move; and b) D may vary depending on the velocity v 
or kinetic energy t of electrons transported by diffusion. 

It will readily be seen that thermal agitation in the medium and its 
temperature T cannot by themselves produce a unidirectional flow of 
charge carriers, whilst in each portion of the solid an equilibrium thermal 
agitation is established corresponding to temperature T m . Therefore 

Q2. does not lead to the appearance of a thermal emf. 

dT m 

On the other hand, dependence of the coefficient of diffusion on 

the kinetic energy of electrons ^2 m ay give rise to a unidirectional 

dt 

flow of carriers, even at a constant concentration n, when in addition to 

»<r 

the temperature gradient — there exists also a kinetic energy gradient 
, dx 

— . In fact, when the coefficient of diffusion of the carriers (electrons and 

holes) increases with rising temperature, i.e. when — > 0, more carriers 

ot 

will pass through each cross-section in the direction from the hot end to 
the cold end than in the reverse direction. The carriers will accumulate 
at the cold end, setting up an electric field E D which will balance the 

diffusion flux. Conversely, when ^2 < 0, the diffusion flux directed from 

dt 

the cold end to the hot end will predominate; charge carriers will accumu- 
late at the hot end and the sign of the field E D , and therefore also of 
the corresponding part of thermal emf a^, will be opposite. 

Therefore the equilibrium condition for carriers in an insulated speci- 
men with free non-degenerate carriers of one sign may be expressed in 
the form 

p n (/a (10 

Eun = D— + n — 
dx dx 
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whom it io tho mobility of free carriers. 

1. Wo «li «l I firot consider n special case of a semiconductor in which 
n « const nnd P • f(T) « F(t). Let Eq be the electric field in this case 

snd iip the corresponding thermal emf. 

The equilibrium condition becomes: 

c dD dD dt 

Using Einstein’s relationship 
u e 

P ~ kT 


r dx k T 1 dP 
® dt e P dt 

In order to express the dependence of P on T we shall use the fami- 
liar properties of mobility u which is interrelated with P. The mobility 
■if electrons is proportional to the time r required by the electrons to 
cover the mean free path, and 

r-I-I 

v y/t 

where l is the mean free path length. 

The relationship between / and t depends on the conditions of scatter- 
ing of free charge carriers; it varies depending on the nature of the 
chemical binding forces, lattice defects, and impurities, and is usually 
nxprcssed in the form 


We have therefore 


nnd Bince T * t, 




D - uT - f (r + V,) 

Sf-T'”*- 
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Substituting this value in the equilibrium condition, we obtain 


*-*.fc-*<*» 


2. Let us now put D = const and r» = /(T); the corresponding compo- 
nent of thermal emf will be denoted by a„. We then have 

_ Ddn — 

v dx k T dlnn 

a *’ E dT~V dT 

3. Finally, let us consider the effect of the temperature dependence 
of the contact potential <f> on the thermal emf a^; this dependence is 

determined by the temperature dependence of the chemical potential p 

Bi “ Ce ^e) * 

dT dT 


(i = kT In 


2(2llmir) ,/a 


_ _* (l + JL - T — ^ 

3T \2 kT dT J 

dd> k ( 3 M T dlnn\ 

V5r" «\2 *r” T_ 5f/' 


It will be seen that the expressions a n and a ^ contain the term 
T ^1° n which is governed by the temperature dependence of concentra- 
tion. However, in the expression for the total thermal emf 


a = a n + a + a. 




this term cancels out. The potential difference produced by the concen- 
tration gradient in the bulk of the semiconductor is balanced by the dif- 
ference of the contact potential at its boundaries. The experimentally 
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observed thermal emf is not related to the temperature dependence of the 

■> 

concentration of the current carriers On the other hand, the nbsolutc 

di 

value of the concentration n appears in the expression for a, through the 
chemical potential, in the form Inn. In the subsequent considerations we 
shall frequently employ the dependence of a on Inn and plots using ns 
coordinates a = /"(log n), and n. 

All this is confirmed by the example of semiconductors in which the 
concentration of electrons (small in comparison with that in metals) 
remains constant in a wide temperature range. Semiconductors of this 
type include, for example, lead sulphide and lead telluride containing un 
excess of lead. Despite the constant concentration, the thermal emf is of 
the order of hundreds pV/deg, i.e. of the same order as in semiconductors 
with a pronounced temperature dependence of concentration. 

The difference in electron velocities at the hot and cold ends of the 
semiconductor leads, however, to the appearance of a potential difference 
between the two ends. The higher the electron concentration in the 
semiconductor, the lower is the electric field E required for transferring 
die same number of electrons as that which diffuses owing to the dif 
ference in the velocities at the hot and cold ends of the rod. 

The thermal emf a per 1°C may be regarded as an entropy flux of 
I coulomb of electrical charge. As we have seen, the value of a depends 
not only on the entropy difference between two substances or two portions 
of n single conductor at different temperatures, but also on the conditions 
of the motion of the electrons. These conditions may, in turn, depend on 
the nature of the semiconductor, and on the mechanism of electron scat- 
tering in the transfer of electrons from one portion of the semiconductor 
to nnother. Therefore, the value of a is closely related to the mobility u 
which is governed by the same scattering mechanism. 

On the other hand, the scattering mechanism, and therefore also the 
values of u and a. in anisotropic crystals (with the exception of crystals 
with cubic symmetry), depend on the direction. Therefore, a thermal etnf 
appears between two rods cut out from the same crystal in different 
■ ryntallographic directions, and Peltier heat is generated when current 
la passed through such a couple. When the current lines within a homo- 
geneous crystal are bent, Peltier heat is generated everywhere where 
the current lines have a curvature. This is the so-called Bridgman effect. 

I'he most important factor for all applications of thermoelectricity is 
the experimental fact that there are semiconductors with current carriers 
■•(opposite sign. Experience shows that when one end of a semiconductor 
tod is heated and the other end cooled there will sppenr in some sub- 
stances nn electric field directed from the hot end to the cold end, whilst 
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in other substances the field will have an opposite direction, ns if, in 
the first case, negative electrons diffused from the hot end to the cold 
end, and, in the second case, the diffusion of positive carriers took 
place. This effect is explained by the quantum theory as a result of the 
incomplete saturation by electrons of all the normal quantum states. 
Vacant quantum states behave in the same way as free electrons posses- 
sing a positive charge. They have been named ‘holes’. 

The term ‘free’ as applied to electrons and holes should not be con- 
sidered in the literal sense. Their movements in the crystal lattice only 
resemble the movements of charges in an air-free space. The powerful 
electric fields set up by atoms, ions, and dipoles in the crystal lattice 
affect, however, the laws of motion. The band theory of semiconductors 
leads to the conclusion that in two cases: 1) when the electrons in the 
conduction band occupy a small number of quantum states, and 2) when 
only a small number of vacant states (holes) remains in the valence band 
- the average velocities of electrons and holes obey the same laws of 
electrodynamics as free charges in vacuo, although with the distinction 
that these charges should be credited with a different mass from that of 
a free electron (9.1 x 10"” gm). The charge of electrons and holes, e, in 
the bulk of the crystal should be.taken as -1.6 x 10" 1 ’ coulombs for elec- 
trons and +1.6 x 10" 1 ’ coulombs for holes. Thus, for example, the accelera- 


tion a produced by the electrical force Ee is not equal to — where m is 


the free electron mass. The acceleration a for the mean velocity of 
motion extending over a number of crystalline cells may, however, be 
regarded as proportional to the applied force: 


The value of m* is not equal to m but is called the ‘effective mass’. 
The ratio m*/m depends on the structure of the crystal and its dielectric 
constant and, in anisotropic crystals, also on the direction of motion. 

This should not, however, be interpreted in the sense that inside a 
crystal lattice the electron possesses a different real mass, a different 
weight, or a different zero energy U = m*c 2 . Neither the inertia nor the 
weight of electrons in metals are different from the inertia and weight 
of free electrons, and it is these quantities that determine the real mass 
of any given body. The presence in a semiconductor of electrons with a 
very high effective mass does not lead to any increase of its weight. 

Similarly, the movement of positive holes does not mean that there 
are free positive charges in the body. When a body is made to rotate 
very quickly it is found that the free charges in it possess inertia. 
These charges ore found, however, to be negative electrons with the 
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same charge lo-mnss ratio ’ l.fti - III* loul/gm •<" that fur free 

m 

elections, oven 111 the cans of conductors with n purely hole-type merlin 
niam of conductivity, 

Therefore the concepts 'hole* and 'effective muss' should he regarded 
as convenient auxiliary means of simplifying complicated statistical 
i alnilations of the behaviour of n I urge number of electrons in the periodic 
lattice field. All departures from periodicity, due either to the thermal 
agitation of atoms, geometrical defects, or extrnneous impurities, 
affect the uniform and, on the average, rectilinear motion of an electron 
in a crystal which is subjected to an external electric field. All such 
Imperfections introduce a certain probability of deviation of the electron 
path from the direction of the electron before meeting the given distortion 
of the periodicity. 

Therefore, distortions are found to act as electron scattering centres. 
The greatest distortions of the regular lattice structure produce very 
pronounced scattering, following which all electron velocity directions 
become equally probable, regardless of the direction of the electron 
motion before encountering the distortion. Weaker non-homogeneities 
produce probabilities of deflections through smaller angles, but after a 
faw such collisions the initial direction of motion ceases to have any 
preference The aggregate of distortions satisfying this last condition 
may he summed up by the concept of the ‘scattering centre’. 

The path of a carrier from one scattering centre to another or to a 
distortion at which it loses its kinetic errergy, giving it up to the crystal 
lattice, is called ‘the free path length’ of the electron or hole. Both thr 
effective mass and the free path length in one and the same crystal arr 
different for an electron and for a hole. 

When a closed thermocouple circuit is composed of semiconductors 
"llh the same (electronic- or hole-) type conductivity mechanism, the 
mnf’s produced by the temperature difference are directed in both arms 
"I the thermocouple from the hot to the cold junction or vice versa, 
therefore, they oppose each other in the circuit, and the thermoelectric 
voltage is equal to their difference: 

E = (a, - a,)(7\ - T ,). 

On the other hand, when the thermoelectric circuit consists of an 
electronic and a hole type conductor, their thermal emf’s arc additive: 

£•(«,♦ a, )( r, - 7*,). 

It is evident that such a combination of conductor* possesses sub- 
stantial advantages. 
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Electronic and hole type conductors exist mil only among •amlcon* 
ductora but also turning metaln, but the physical meaning of ‘boles’ in 
metal is more difficult to fit into a bund scheme. According to this 
scheme, in the valence band of the metal there should remain only a 
small number of quantum states unoccupied by electrons, whilst, in 
fact, metals represent substances in which the valence band is only 
partly filled. Nevertheless, one has to consider that metals such as 
tungsten, molybdenum, zinc, etc. exhibit purely hole type conductivity, 
whilst lead and tin exhibit a mixed hole and electronic conductivity. 

The type of current mechanism in a given conductor may be determined 
not only on the basis of the sign of the thermal emf but also from the 
direction in which the current carriers are deflected by a magnetic field 
perpendicular to the direction of the current. The laws of electromag- 
netism (e.g. the rule of the three fingers of the left hand interrelating 
the directions of deflection, magnetic field, and current) govern the 
direction in which the magnetic field deflects the carriers, regardless 
of whether the current is due to the flow of electrons from left to right 
or of holes from right to left. When the current carriers are electrons, 
the portion of the conductor towards which the current is deflected by 
the field becomes negatively charged with respect to the opposite side; 
when the current is produced by the holes, the side towards which the 
current is deflected is charged positively. 

This phenomenon is known as the Hall effect. Experiment shows 
that measurements of the thermal emf and the Hall effect always yield 
the same current carrier signs, provided the current consists of charges 
of one sign only. 

In conductors with mixed conductivity both the thermal emf’s of holes 
and electrons, and potential differences produced by them in a magnetic 
field oppose each other and are therefore small. The quantitative rules 
of such a subtraction differ somewhat for the two phenomena. Thus, 
denoting by n + and n_ the concentrations of holes and electrons and by 
a + and u_ their mobilities, i.e. their average drift velocities in an elec- 
tric field of 1 V/cm, we obtain for the Seebeck effect 

n + u + - n_u_ 

a * — . 

n + u + + n_u_ 

On the other hand the emf produced by the Hall effect is given by 
the expression 

i f.n - i/n 

E H “ 7 S • 

Vu + n + + u_n_r 


INTROntlflTION 2A 

In the special esse where - n and U 4 - U lailh o and Efj become 
• qunl to torn. The converse deduction that when Eu - 0, then nlao 
n - 0 cannot be regarded with confidence. In metaln, however, it in 
possible to consider with sufficient accuracy that u, - u and therefore 
to assume that when - 0 then, also, o , - n , i.e. to expect that a 0, 

We meet with this state of affairs in the case of metals Pb and Sn 
for which Eft is extremely small and changes sign when going over from 
|’b to Sn. This allows us to assume that the case a •• 0 is somewhere 
between apj, and a§ n which differ only by 0.2 pV/deg. The values of 
thermal emf’s referred to this zero value may be regarded as the absolute 
values of the thermal emf coefficients. 

The difference between the absolute values of a determined from 


<i « J" T - dT for the normal silver alloy and from the assumption that 

the mean value between tzpg and ag Q can be regarded as a = 0 amounts 
In ubout 1 pV/ deg, as follows from the comparison of Justi’s table which 
was based on first definition, with Meisner’s table which was calculated 
on the basis of the second definition. 

Even in metals the value of a is very sensitive to the presence of 
the smallest amounts of impurities and therefore the two series do not 
fully coincide, both as far as the absolute value of a is concerned, and 
also with regard to the order of metals in the thermoelectric series (e g 
the positions of Cu, Pt, Au, Nos. 1-4, see p. 3). 

In semiconductors impurities play a decisive role as may be seen from 
Meisner’s second series reproduced on page 3 in which quite different 
values are given for one and the same compound. Thus, for example, 
the values listed for Cu,0 are 474, 1000, 1120 and 1150 pV/ deg and for 
l-’cjO, —613 and —60 pV/deg. Jf 

As we shall see later, the introduction of impurities into semiconduc- 
tors opens up a way for the improvement of their thermoelectric pro- 
perties. 

1.4 Calculation formulae. In this paragraph we are giving formulae 
for the calculation of the thermal emf per 1°C, a, without giving any 
proofs. Detailed information on this subject will be found: 1) in part II 
of the article by A. G. Samoilovich and L. L. Korenblit (Uspekhi Fizi- 
cheskikh Nauk, 1953, 49, No. 2-3); 2) in part I of the article by V. I. 
Davydov and I. M. Shmushkevich (ibid, 1940, 24, No. 1); and 3) in the 
book by A. F. Ioffe “The Physics of Semiconductors”, published by 
the Academy of Sciences in 1957.* 

The other thermoelectric coefficients, namely the Peltier coefficient 


English translation, Infosearch, London, 1958. 
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II and the Thomson coefficient r may, as we have seen earlier, be derived 
from the expression for a. 

For metals, in particular monovalent metals, the quantum theory yields 
the following relationship 



Here p is the chemical potential of electrons, which in the case of 
metals is equal to the Fermi level energy, and / is the free path length 
of electrons with a kinetic energy f. For metals one may assume that 


l « H, (10) 

and since the electrons contributing to the current have predominantly 
e « p, we have 

I 1 dl 3 

p l at p 

whence 

II k kT 

a - - nr J A , 7’ - = ir a — x — . /-i 

e p e p 

The value of p is almost independent of temperature and therefore 
in monovalent metals a is proportional to the absolute temperature T : 

a - T. ( 12 ) 

Expression ( 11 ) gives an order of magnitude of 


3 x 10" J 

a *» 10.86 — = 5.2 pV/ deg 

D 

which is in good agreement with experimental data. 

An exception here is lithium for which a = 41pV/deg. A. G. Samoilovich 
and F. Serova have shown that in this case there takes place, in addition 
to the diffusion of electrons, a dragging of current carriers by thermal 
waves (phonons) from the hot to the cold end of the conductor and the 

Id/. 2 8 .2 

term yx — acquires the value --f- as compared with for the majority 

of metals. The possibility of dragging of electrons by phonons was first 
pointed out by L. E. Gurevich. 

In semiconductors one has to take into account the possibility of 
the existence of both free electrons with a concentration n_ and holes 
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wllh a concentration The thermal emfn produced by the elarlrona 
and the holea have opposite signs und therefore one is subtracted from 
the other. In this case the thcrmul emf is given by the following expression 


a - — [u_n_(2kT -fi) - u + n + (2JcT - p + \E) 1 , 

where a is the specific electrical conductivity, u the mobility and \K 
• he width of the forbidden energy band. 

N. I,. Pisarenko derived an expression for a which is more convenient 
lor computation purposes 


f 2(2n m*kT)^ "1 f 2(W*rVn) 

" ; [ A + ln av J - [* + in -k— ] \ 


(13) 


Hie value of the constant A depends on the electron scattering nichl> 

titain, and in particular on the value of 7 x 7 ^. The latter ia in turn 

l d€ 

governed by the character of scattering centres. 

In crystals with an atomic lattice with covalent binding the thermal 
'hrstion spectrum consists of acoustic vibrations, the frequencies of 
which are initially (at the low frequencies and long wavelengths wliii h 
play the main role in the interaction with slow electrons) proportional 
to their momentum. For such crystals 


^-* 0 , / = const. (^ 4 ) 

In crystals with an ionic lattice the electrons are principally scattered 
hy electromagnetic polar vibrations in which positive and negative ions 
move in opposite directions. The most important of these ‘optical’ vibra- 
tions are the longitudinal vibrations producing an accumulation of charges 
In some parts and a reduced density of charges in other parts. This leads 
to the appearance of most powerful electric fields deflecting the moving 
electrons. 

In ionic crystals it is necessary to consider two temperature ranges: 

l) temperatures at which the average kinetic energy of electrons 

,kl is much lower than the energy of natural vibrations of the ions hv 0 

(these vibrations correspond to the residual rays); at these temperatures, 
which are below the Debye temperature 0, we have at kT « hy t 




SEMICONDUCTOR TH KRMOKI.EMF.NTS 




2) on the other hand, at high temperatures when kT » hv a 

l • r. (15a) 

At temperatures above the Debye temperature, when kT » hv 0 , the 
electrons in many crystals interact with vibrations of a frequency which 
changes little with the increase of the momentum of the atoms, so that 


Electron scattering centres need not only result from the thermal 
vibrations, i.e. the interaction of electrons with phonons; any other dis- 
tortions of the crystalline lattice may form scattering centres. Of these 
it is the presence of ionised impurity atoms that is of the greatest impor- 
tance. In this case, we have as in metals 

l « «*. (17) 

Scattering on neutral atoms is usually small; it corresponds to 

, M (18) 

l « ( , 

Shear strains in deformed crystals and geometrical defects also pro- 
duce electron scattering. However, the number of affected places is 
usually too small to produce a noticeable effect in comparison with other 
sources of scattering. 

When various scattering sources are present in a crystal lattice they 
can be replaced with sufficient accuracy by scattering with a path length 
L satisfying the following equation 


-=Y- 

l 


The constant A in expression (13) acquires, depending on the type of 
relationship between l and t or between mobility u and temperature T, 
the following values. 

For atomic lattices 


l <* f°, u « — , A = 2. 
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For Ionic: latticed hi k'T « hv a i 


'•V*i 


e kT , u - e hT , Am 2.5. 


For ionic lattices at kT » hu a : 


l m f. Urn — , A m 3.0. (20c) 

I’ or scattering by vibrations of constant frequency 

, 1 \ 
l m ( , U« , A = 1.0 J 

]•% ( 

•" , .1/ 1 ( ( 20d) 

r 1 

For scattering on impurity ions 

/ - (\ um t' 1 , A = 4.0. (20s) 

III general when / - e r , u « T 2 and A= r + 2, when the scattering 

t il es place on thermal fluctuations. When lattice defects which du nnl 

1/ 

■I' 1 pend on temperature form the scattering centres, u « T' 2 , 

Hie character of the binding forces which governs the dependence 
of / on r is difficult to determine. Therefore the value of r has to be 
"dtitnnlcd from the temperature dependence of mobility. 

In practical applications of thermoelectric phenomena, the simulta- 
neous presence of holes and electrons is undesirable if the hole and 

• lei Iron mobilities u + and u_ do not differ much from each other. For 

iln sc purposes it is also desirable to use semiconductors with high 
electrical conductivity. Both requirements are satisfied by the intro- 
■ In it i on of impurities into the semiconductor, creating either free elec- 
trons or holes. 

I' nr a semiconductor with current carriers of one type only, expression 
I I I) may be simplified and replaced by the formula 


*/ 2(2* m*kT) ,/2 \ 

- .j' ' ) 
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Expressions for a may also be written down in a different form. For 
atomic lattices with current carriers of one type 


-IN) 


or, denoting by A E the distance of the impurity level from the correspon- 
ding band edge, we have at A E » kT 


k A E 

a ~ — x 

e 2 kT 


The last expression requires that the value of a should decrease with 
increasing temperature proportionally to ^ and tend to infinity as the 

temperature tends to absolute zero. This conclusion not only disagrees 
with experimental data, but is also at variance with the principles of 
thermodynamics according to which not only afD j-_q = 0, but also 

This contradiction indicates that the approximations made in the deri- 
vation of expressions (21), (22a) and (22b) are inadequate and that some 
properties which manifest themselves at low temperatures have been 
neglected. 

For ionic semiconductors 




The polaron model of ionic semiconductors evolved by S. I. Pekar 
leads to more complex functions l(t) and therefore somewhat different 
formulae for a. Pekar’s theory is found to be well substantiated in the 
case of ionic semiconductors, when the electrons diffuse simultaneously 
with the polarisation of the surrounding medium. For a constant tempera- 
ture T one can put according to Pekar 

*po! “ «*• 

For practical purposes it is convenient to write expression (21) as a 
relationship between a and a both of which can be readily measured. By 
introducing an impurity or an excess of one of the components of the 
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II 


• •impound It la possible to vnry the concentration n within wide limits 
wllliimt appreciably affecting the mobility n. Therefore the expression 
for II may be rewritten in the form 

• k\ 2(2nm*kT )*^eu 1 k 

a - - ^ + In J ~ ~ I" («•<•) 


a » C ~ 86 x 10'* Inc; - C - 2 x 10' 4 logo. (24) 

There in a large group of semiconductors with high electrical conduc- 
tivity in which the concentration n docs not vary with temperature. The 
effective mass m* is also independent of temperature. According to 
expression (21) the temperature dependence of a for these materials 
taken the form 


k I" , 2(2nm*k) / '~\ 3 k 

— — J 4 2 ^ hr - <*» 

In such cases expressions (24) and (25) are well substantiated by 
experiment. In the plot a = /(log o) a is represented by a straight line 
•villi a slope of approximately 2 x 10' 4 (see figs. 8 and 9, pp. 52 and 54), 
I lie temperature dependence of a at a given constant concentration n 
also corresponds to a slow logarithmic rise of a with T. 

With the increase of free electron concentration the system gradually 
1 h sages into the degenerate state when it is no longer possible to apply 
Hu limiting case of Boltzmann statistics in place of Fermi-Dirac stati- 
stics, which in general govern the electrons. 

Iliesc more general formulae yield for the concentration 


•W(2 m*kT) l/i 


& 


I he most general expression for a for a given current carrier concen- 
iiation n of one sign has the form 


* f ♦ 2 




''"(//) i‘ 

■w “ 
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In particular, for atomic lattices, in which r ■ 0 


F | — I 

k ‘urJ 
± - 2 — 

e fW 

°UrJ 


'44 f '($ “ d "—(4 1 


in expressions (25a), (26) and (26a) 


denote Fermi integrals 


zr- 

J e * r + l 


where x is reduced energy of the electrons * ■ 

The values of the function F, for a range of values of r, and expres- 
sions for k, or, and a are listed on pages 90-92. 

Having studied the conditions of transition from Boltzmann statistics 
to Fermi statistics, K. S. Shifrin found that the effect of degeneracy 

becomes noticeable when > -2 and when ■£- > 2 the state of electrons 

kT if l 

must be regarded as strongly degenerate. 

T. A. Kontorova has, however, shown that Pisarenko s expression (21) 
is of such a form that it does not lead to large errors up to values of 

JL m 1. 

kT 

All the foregoing considerations and formulae are based on the assum- 
ption that in a temperature gradient it is possible to regard the state of 
each small portion of material, containing a large number of atoms and 
electrons, as an equilibrium state, each portion only being described by 
different parameters. L.E. Gurevich showed in 1945 that this is not 
always true. The flux of phonons proceeding from the hot end to the cold 
end drags a larger number of electrons than that which follows from 
conditions of normal diffusion and an electric field. This factor may 
bring about an increase of the thermal emf. 

In fact, soon afterwards, F. A. Serova and L. G. Samoilovich showed 
that the abnormally high thermal emf of lithium is due to the drag effect. 

Elementary calculation of the possible drag effect in semiconductors, 
carried out in 1951 by G. E. Pikus, indicated that its influence on the 
thermal emf is negligible. 
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Experimental data for g.rmanium and •lllcon hsvs shown, egnlnsl 
expectations, that the phonon drag effect is very high nl low temperature#. 

The disagreement with Pikus’s calculation* is attributed to the fa. I 
, at electrons do not interact with all the thermal vibration phonon- but 
only a few phonons, the wavelengths of which ore not less than the wove- 
length of the electrons, or, more precisely, the wavelength vector t. of 
.ml. a phonon should be less than double the wavelength vector K of the 

Phonons satisfying this requirement possess a much larger free path 
length and a much longer relaxation lime than the bulk of the phonons 
In the solid. Moreover, these phonons possess the most marked direc- 
tional properties along the temperature gradient. Therefore, the effect of 
dragging of electrons by such phonons is particularly large. 

At extremely low temperatures the drag effect is small since the free 
path length of both phonons and electrons depends on the dimensions of 
the crystals from which the solid is composed. At higher temperatures 
only the longwave phonons still retain a free path length of the order of 
the crystal dimensions. At still higher temperatures, the free path length 
of all phonons is smaller than the external dimensions, but the free path 
length of longwave phonons exceeds by many times its average value 
winch governs the thermal conductivity of the solid. With a still WtM 
rise of temperature this difference becomes less pronounced and at a 
sufficiently high temperature, for which Pikus’s calculations are valid, 

|l no longer has any effect. 

Accordingly, the increase of thermal emf, above that given by llm 
formulae listed above, becomes particularly pronounced in a certain ten. 
perature range - usually below room temperature - for germanium around 
10"K and for silicon around 100°K; in the case of silicon a reaches thn 
value of 50,000 pV/°C. A complete theory of these phenomena has been 

given by C. Herring. . 

1.5 Experimental facts. A systematic study of thermal emf s of 

various semiconductors has been carried out by B. M. Gokhberg and 
M S. Sominskii. Among the materials investigated by them there was 
only one substance, namel y W0 3 , which satisfied equation (22b): in the 
temperature range from liquid air temperature (90°K) to 400°K the thermal 
...if was found to be inversely proportional to the absolute temperature. 

In V,O s the relationship given by equation (22b) was only observed 
..hove -30° C (240 °1C); below this temperature a was proportional to the 
nhsolute temperature. The temperature dependence of a may be plotted 
In the form of two intersecting straight lines by plotting a vs. T up to 

!10°K and vs. - above 240°K. It is remarkable, however, that despite 
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tlie abrupt change in the temperature dependence of a the temperature 
dependence of resistivity doeet not undergo a noticeable cliunge at 240°K. 

The function logp = j represents a straight line in the entire range 

from liquid air temperature (90°K) to 500°K. 

In Cu,0 a is found to be independent of temperature from 90° to 355°C 
(or 630°K), whilst above 630°K it is inversely proportional to temperature. 
Andersen has shown that in this case the sudden change of slope from a 

straight line for a against I a t 630°K coincides with a change of slope 

in the graph log p = f^j . The constancy of a below 630°K is at variance 

with theoretical predictions since here one would expect impurity conduc- 
tion obeying expression (22b). 

For tin sulphide (SnS) a is proportional to T at low temperatures; then 

a becomes constant, and at high temperatures it is proportional to I 

T 

The temperature dependence of a is even more complex in the case 
of TljS: at low temperatures a increases with an increase of T , then it 
decreases, then it again increases, and at high temperatures it again 
decreases. 

The aforementioned semiconductors possess relatively high resis- 
tivities and a wide forbidden band. Data are also available for several 
other semiconductors of this type. 

Expression (22b), according to which a is proportional to - is found 

7” 

to be valid only at elevated temperatures (above 600°K in Cu,0, above 
700°K in BaO, and above 700°K in NiO). On the other hand, at low tem- 
peratures a is proportional to T, which is contrary to expression (22b) but 
in full agreement with the requirements of quantum thermodynamics. Such 
a temperature dependence of a was found to hold for SiC below 200°K 
CdO below 700°K, SbS below 190°K, and Ge below 30°K, and also in 
SnS, TiO, and certain other materials. 

At intermediate temperatures there is often a range over which a is 
nearly constant; as has been mentioned earlier, this is true of Cu 0 in 
the range 90 to 630°K. a was found to be constant in MoS, from 300 
to ,oOO°K, in Bi,Sj from 110 to 450°K, in SiC from 100 to 300°K, and in 
PbS from 30 to 750°K. In this temperature range the two tendencies - a 

proportional to T at low temperatures and a proportional to - at high 

temperatures - appear to be balancing each other. 

Modern theory of thermoelectric phenomena indicates that the thermal 
emf in impurity semiconductors with a non-degenerate system of electrons 
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• ""*y "l»h rUn of temperature. According to tliin theory u can 

be proportional to temperature only in aubntnnces with degenerate ele< - 
irons. In two canes (Go and CdO), when such a temperature dependence 
of « wan observed in semiconductors it was possible to demonstrate that 
ihr electrons were, an in metals, in a degenerate state. 

I here is, however, no reason to expect that in nil semiconductors the 
electrons become degenerate as the absolute zero is upproached. Inci- 
dentally, close to the absolute zero a and even ^ should lend to zero. 

dT 

••Hire when T tends to 0°K, the entropy according to Nemst’s theorem 
Irmls to zero, and, therefore, a also tends to zero. 

Experimental data are in good agreement with such an extrapolation 
..I the function a = f(T), but so far no theoretical foundations for this 
behaviour are available. General empirical formulae describing thermo- 

• l"«tric properties of semiconductors over a wide temperature range 

•ire also non-existent. It is only possible to state a qualitative rule 
ai rording to which the thermal emf a of a semiconductor starting with 
" 0 T = 0 is at first proportional to T, then rises less steeply with 

/ often remaining constant in a certain temperature range, and then it 
begins to decrease approaching the theoretical expression (22a). 

Ml the semiconductors discussed above are materials with a high 
resistivity (p > 1 ohm x cm) which are unsuitable for use in high «ffi 

• lency thermoelements. Data on semiconductors with low reaiativily 
Ip ■ 10' 1 ohm x cm) are reported in the section dealing with tharmoalac 
Irii cooling and are discussed further on in this section (see pp. 41-72) 

Since in order to calculate a it is necessary to know the effective 
mass „f current carriers m* and the scattering law, it is not possible to 
. it leu I ate a independently. The value of m* may be estimated on the basis 
■if several other properties of semiconductors: from the activation energy 
■ ■I impurities, the mobility, and magnetic and optical phenomena. 'Hie 
nature of the carrier scattering governs the temperature dependence of 
mobility. 

I be values of a for specific semiconductors calculated on the basis 
"f such information are found to be close to the results of direct measure- 
ments. A detailed analysis is given in the section on thermoelectric 
I'ooling. 

Within the temperature limits with which we have been dealing so far 
ibr thermal emf theory outlined above may serve as a basis for calcula- 
tions. All the calculated values of a are found to agree within experimen- 
tal accuracy with the observed values. 
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THERMOELECTRIC GENERATORS 


2.1 Energetic principles of thermoelectric batteries. Let us con- 
sider a thermoelement (fig. 1), consisting qf p-type (1) and n-type (2) 
semiconductor rods joined by a metallic bridge (3). An external resistance 
R is connected in the circuit across the cold ends of the thermoelement; 

this resistance acts as a load for the elec- 

trical energy generated. When the potential 

$ difference across the cold ends of the circuit 

y is denoted by U volts, the power delivered 

+ 1 2^ - by the thermoelement will be W = — , whilst 

1 P < WM " S the current /=-. 

We shall denote the thermal emf, which is 
in this case equal to the sum of the thermal 
] * I emFs of the two branches, by a V/dee; 

L ~ aaa ^ J « = l«.l + kl- 

The hot ends, joined by the bridge, are 
Fig- 1 maintained at a temperature T , , receiving 

heat energy from a source with a slightly 
higher temperature. The cold ends are at a temperature T a , slightly above 
the temperature of the surroundings or of the heat exchange medium. 

We shall denote the internal resistances of the two branches by r, and 
r, and their thermal conductivities by A, and A,. Denoting the resisti- 
vities by p, the specific thermal conductivities by k, and assuming that 
the lengths of both rods are equal to Z, and their cross-section areas are 
5, and Sj , we have 


'-'■"•-(Hr)'- 

A = A, + A, = (k, S, + K,S,) y. 


On the basis of the general laws of thermoelectric phenomena we can 
calculate the Peltier heat generated and absorbed by the thermoelement 
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•tl Its two Hilda, the Tlmmaon heal generated or absorbed inaide the rode, 
the heal Inuiafnrred by conduction from the hot to the cold enda, the 
Inula bent generated by the current in the rode, and the uweful elec 
Irlrnl energy delivered by the thermoelement. We ahnll refer to energy 
per second and exprenn the power in watts. Tliese units will also be used 
lor purely th ennui quantities; e.g. specific thermal conductivity will be 
enpresaed in W/deg x cm and not in cnl/deg x cm x sec. 

1 eal/deg X cm x sec - 4.19 W/deg x cm 

The amount of heat energy Q, received by the hot junctions, due to 
the Peltier effect, is 

Q, = a,/ T,- 

lire power Q 0 delivered at the cold junction is 

Qo * T t . 

The Thomson heat Q generated in each rod is, according to equation 

(7). 

T ' v 

Q = t ( T — ldT. 

J dT 

T 0 

In the special case, when a at both ends has the same value, Q ■ 0. 

The heat flux transferred from the hot junction to the cold junction 
through the two rods is 

e A «A(7\-7’ i ). 

The Joule heat generated in the two rods is Qj=l 1 r. The useful 
power W delivered by the thermoelement is W = I 1 R; the current is 

; «(r,-r.) 

R + r 

Putting 

- =m, (27) 


we have 
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9 '” ;T ' <r '- r - ) ,-WTl' 


V = aKT. - T t ) 2 

r(m+ l) 1 

For the time being we shall neglect the Thomson heat, regarding it 
as small in comparison with the other terms and shall assume a, = a 0 = a. 
When a, ^ Of, the Thomson heat is accounted for in the determination of 
the efficiency by substituting for a the mean value for the two ends 
- a » + g ° 

2 

Of the total Joule heat I*r generated in the thermoelement, half passes 
to the hot junction, returning the power i-f V and the rest is transferred 
to the cold junction. 

The efficiency ij will be defined as the ratio of the useful electrical 
energy I*R delivered to the external circuit to the energy consumed from 
the heat source. The latter consists of the Peltier heat , and the heat 
Qh transferred by conduction to the cold junction, from which it is nece- 
ssary to deduct the electrical energy i-/V returned to the heat source. 


Q^Qh~\Pr 

a*(r t - T t y - x 

r Vm + lr 

a*T l (T l - T 0 )-x - — 1— + K(7\ - 7V - i x a l iT ' ~ 

r (m + 1) 2 r(m +1)* 




Kr m + 1 1 ,_ _ . 1 

1 + — x -=- - M - T 0 ) 

a* T l * m + 1 


Thus the efficiency of the thermoelement is fully determined by a) the 
hot and cold junction temperatures; b) the quantity ^ which depends on 

the properties of the materials used in the thermoelement and which will 


be denoted by — , so that 
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and, finolly, c) the selected ratio m • — . 

r 

In order to achieve ns high an efficiency os possible in thermoelements 

D 

at given values of a, ft, and p and an arbitrary ratio ~ « m, it ia necessary 

In find the optimum cross-section areas S, and S, , so that at ^iven values 
'■f « and p the product Kr is minimum. To find the condition for a minimum 
of Kr we shall differentiate 


Kr = (ft,S, + ft,S,) ^ m «iPi 


s s 

+ K tpl + K \pi 

J % 


wllh respect to rfl-j I and equate the derivative to zero. This given 


pi (s\ 
«i*pX U/ 


At this value of — 


Kr = ( V*,P, + V K iP, )*, 


- — - a j -i 

Kr~(V^, + VS^)* Bg * 


This expression contains only the properties of the materials of the 
two branches of the thermoelement, but not their dimensions. 

D 

We shall now find the ratio — = m giving the highest efficiency. The 

condition for delivering the maximum power to the load leads, in the case 
of a thermoelement as with other current sources, to the requirement 
R = r, i.e. m = 1, and 

= - Tl ~ Tt 

2 7 ’ 1 + --7(7’ i - To) 
z 4 

We shall find the condition for the maximum efficiency by putting — ^ = 0; 

dm 

straightforward calculations give 
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z(r t * T t ), 


(31) 


where (T i z) and M are dimensionless numbers. 

Substituting this optimum value of m, denoted here by M, into the 
expression for rj we find 


r,-r. u-i 

V = X 


r, 


M + — 
T x 


(32) 


Henceforward t\ will refer only to this maximum efficiency. 

The first factor represents the thermodynamic efficiency of a rever- 
sible engine, and the second describes the reduction of this efficiency 
as a result of irreversible losses due to heat conduction (k) and Joule 
heat (p) entering into the expression for z. 

The greater is M in comparison with unity, i.e. the larger the values 
of z and 7, + T a , the smaller is the reduction of the efficiency due to 
irreversible losses. Therefore an increase of the hot junction temperature 
f, increases tj not only by increasing the value of the efficiency of a 

T ““ T 

reversible engine — — — - but also because of the simultaneous increase 

7 1 

of M at a given z. 

This equation also shows clearly that in order to achieve the maximum 
efficiency the material has to satisfy only one condition, namely the 
maximum value of z compatible with the maximum temperature T x of the 

heat source, or more precisely the maximum product z attainable 

2 

for the given material. 

Neglecting the quantity — • /V ' n ex P re98 ' 0n for the efficiency, 
assuming it to be small in comparison with Q, + we obtain 


' Vl + f.z, (33) 

T,-T t M' - 1 

" ~TT x (34) 

The value of rj' differs little from jj as long as t) itself is small. 
For example, in the special case when 7\ = 600°K, T 0 = 300°K and 
z = 2 x 10‘\ we have M = 1.38, M’ = 1.48, t; = 0.101, r/' = 0.097. 
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Fig. 2 
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1’he dependence of M and r\ on the product ~*(7’i + T 0 ) is shown in 
ligs. 2 and 3 and in table 1 for 7\ = 600°K. T 0 = 300°K and T \ ~ T ? - 0 5 

T x 


TABLE 1 


j i (T.+T.) 

If 

SI 

r,% 

0.25 

1.12 

0.074 

3.7 

0.60 

1.23 

0.133 

6.6 

0.76 

1.32 

0.1 7G 

8.8 


1.41 

0.215 


1.25 


0.250 

12.5 


1.68 




1.73 

0.330 

16.5 


Assuming T a = 300°K, we show in table 2 and fig. 4 the values of 
the efficiency rj and M as functions of z at different values of T, and in 
fig. 4a the dependence of r) on T, for different values of z. 

2.2 Materials for semiconductor thermoelements. We shall now 
consider the selection of the most suitable materials for thermoelements. 

First of all, it should be noted that semiconductors, owing to their 
much higher values of a, are definitely preferable to metals. In fact, for 
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0 5 1 .005 1.15 

0 75 1.13 1.5 

1 II 1.162 2.13 

I 25 1.20 2.65 

15 1.2* 3.0 

I 75 1.27 3.35 
VO 1-31 3.75 

M 1.38 4.4 

1 0 1.43 4.9 

4 0 1.55 6.0 

Ml 1.66 6.8 


1.17 6.1 

1.225 7.8 
1.275 9.2 
1.325 10.5 


1.13 5.4 
1.19 7.6 
1.25 9.6 
1.30 11.1 
1.35 1 12.7 


.37 11.8 1.40 14.0 

1.42 13.0 1.45 15.5 

1.50 14.8 1.55 17.5 

1.85 16.5 1.63 19.5 

1.73 1 19.2 1.88 23.0 
1.87 21.5 1.94,25.0 


metals a < 10 x 10- V/deg. The ratio of electrical 1 conductivity 

„ |/p to thermal conductivity k for all metals is close to the thm.reli. hI 

vulur predicted by quantum mechanics 


k rr* MV 

o = ? W 


2.44 x 10- T. 


\| mi uverage temperature T - 500 K 


z = 8.2 x 10- 

mol at T, = 700°K and T a = 300°K 

tj = 8.5 x 10" 4 = 0.085%. 

Korthe best pair of metals Bi-Sb we can put: a= 100x10- *p=9xl0- 
, - l.l xlO- r,< 450°K, r. = 300°K and i, = 3.1%. 

In several semiconductors z reaches, and sometimes exceeds, e 
, ,i|ue of 1x10-, and r, approaches 10%. Furthermore, several »micon- 
|, (l mrs possess a high melting point, thus permitting operation at high 



44 


S K M I C 0 N I) II C T O H TH K II M O V. 1. V. M K N T 9 


values of T,. Therefore, efficiencies of the order of 10-15% ttnd more 
cannot be regarded as unattainable with the use of semiconductors. 
Values of 7 7 equal to 3.3 and even 7% have been reported in literature. 

a i 

The higher the value of z = — for the individual branches of the 

Kp 

r ( + 

thermoelement, the higher is the value of z = — 1 — which 

+ v'*,p>) a 

determines the efficiency of the entire thermoelement. However, the 
relationship between the z of the thermoelement and the values of z, and 
z, for the individual branches cannot be stated in a general form. In indi- 
vidual cases, when z, = z, , then z = z, = z, ; when K t p, = x,p, , then 

z = — (z, + z,) + — V z i*j • If a i = a i - 172 pV/deg, as is required for the 
4 2 

best utilisation of semiconductor materials (see below), then 

4 **i z j 


/_L + _LV Wil+V ^) 1 


(JL + J_V 
v & yfc) 


Starting with equation (21) for semiconductors it is possible to estab- 
lish the relationship between a and a = 1/p. Assuming the temperature 
to be constant and the mobility to be practically independent of concen- 
tration n, one would expect a linear relationship between a and lno: 

a = C - 86 x 10 H> Ino = C - 2 x 10‘ 4 logo. (35) 

The value of C depends on temperature T, mobility, and the character 
of the chemical bonds in the semiconductor. 

In addition, a is related to k. The thermal conductivity of the semi- 
conductor k is composed of the electronic thermal conductivity and 
the thermal conductivity due to thermal vibrations and the propagation of 
heat waves (denoted here as phonon thermal conductivity x p ^): 


The former is related to electrical conductivity a by the Wiedemann- 
Franz law. However, the coefficient of proportionality has a value equal 
to that for metals 


^ _ly*v 

a 3 \e / 
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Fig. 5. Dependence of thermal conductivity of a semi- 
conductor on its electrical conductivity. 

1 ■ K-=K e i + Kp/,; 2 - x pA ; AB and A'B' - D - start 
of degeneracy; E - complete degeneracy. 


nitly at very high concentrations of free electrons (more than 2.5 - III*’ 
i m’*) when the latter must be regarded as degenerate. 

At lower concentrations usually prevailing in semiconductor!* 

^ = 2^j T = 1.48 x 10- 4 T Wdeg., (3H) 

which gives, at room temperature ( T = 293°K), 

— = 4.35 x HT* V'/deg.* 
o 


• In the general case the Wiedemann-Franz law for semiconductors has the 
following form 



( 3Ha) 


which for atomic lattices with r - 0 reduces to equation (38). r is the exponent 
in the formula giving the elei Iron free path length la s a function of kinetic 
energy (f • i'). 
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In other words, every 1000 ohm“ x cm** of electrical conductivity 
corresponds to 4.35 x 10’* W/deg x cm, or 1.04 x 10’’ cal/deg x cm x sec 
of thermal conductivity. 

Hg. 5, based on our measurements, illustrates expressions (36), (37) 
and (38) in the case of one and the same semiconductor with different 
electrical conductivities and free carrier concentrations. 

At <7 < 2500 ohm 1 x cm 1 the electrons can be regarded as non- 
degenerate. In this case x e/ = 4.5 x 10'* o. At a = 4000 ohm' 1 x cm'* the 

electrons are largely degenerate and in this range K el approaches the value 
K el = 7 3 x 10 ’* ° ■ 

The Wiedemann-Franz law describes the relationship between thermal 
conductivity x e ^ and electrical conductivity accurately only in the case 
of semiconductors with carriers of the same sign. When carriers of both 
signs are present simultaneously, a continuous stream of charges can 
flow in the direction of the temperature gradient and the thermal conduc- 
tivity K e i increases appreciably. 

On the way from the hot to the cold junction the concentration of the 
holes and electrons decreases, the recombining pairs of charges libera- 
ting an energy A E 0 . 

We shall denote the current transported by the holes by /, and that 
transported by the electrons by /, . In an electric field E, /, = Eo l and 
/ 2 = Eo t . Further, we shall write down * e j/o = LT. 

The thermal conductivity due to the diffusion of carriers can then be 
expressed as 


K 


el 


L(o, + o,)T + 2LT 





In addition to the recombination of charges, heat may also be conducted 
from the hot end to the cold end by the transfer of other types of excita- 
tion energy. All such processes increase the thermal conductivity of 
semiconductors when the latter are heated above a certain temperature. 
They reduce, therefore, the efficiency of the thermoelements at these 
temperatures. 

By analogy with diffusion and thermal conduction in gases, the phonon 
part of thermal conductivity x pA can be expressed as 


*pA = J c *' X * (39) 

where c is specific heat (J/cm*), v is sound velocity (cm/sec) and A ia 
the mean phonon free path length (cm). 
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In the cose of the majority of semiconductors c = 1.2 to 1.6, t> = 2x10* 

In 5x 10*. and -cv = lxlO 5 to 3x10*. 

3 

The value of thermal conductivity x pA of a semiconductor is also 

related to electron mobility u and, therefore, also to electrical conduc- 
tivity. 

Both phonons and electrons are scattered by the same non-homogeneities 
of the crystalline lattice, but the degree of scattering is different owing 
In their different wavelengths (7 x 10" 7 for electrons and approximately 
'< x 10"* cm for phonons) and their different physical nature. There should 
however exist some correlation between A and the mean free path length 
of electrons T. 

In comparing the thermal conductivity and the mobility of various 
materials one finds that in a series of substances with similar structure 
the thermal conductivity de- 


creases, whilst the mobility 
increases, with increasing 
nlomic weight. Thus, in the 
series: diamond, silicon, 

iiermanium, k ^ decreases from 
to 1 and 0.6 W/degxcm, 
whilst the electron mobility 
Increases from 900 to 1400 
and 3600 cmVV x sec. Thus, 
as has been pointed out by 
II J. Coldsmid, the ratio 
«/* p A, governing the value of 
< of thermocouples, increases 
with increasing atomic weight. 

The factors affecting the 
value of thermal conductivity 
n.,A are clearly seen in the 
diagram in fig. 6. The thermal 
conductivity decreases, not 
only with increasing average 
atomic weight, but also in 
going over from purely valence 
type to ionic compounds, 
i.e. from elements in group 
IV of the periodic system 



Fig. 6 


lownrda the compounds of groups III with V, II with VI, and I with VII. 
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Elements and olomic compound* in the fir»t nnd second row* ol the 
periodic system (B, C. Si, SiC) have .. thermal conductivity of l to 
2 W/cm x deg. Valence compounds and elements in the next two rows, 
e.g. GaSb and InSb, have thermal conductivities of the order of tenths 
of W/cm x deg, and, for materials in the last rows, K ph does not exceed 
a few hundredths of W/cm x deg. A similar behaviour is exhibited by 
elements of group IV (C, Si, Ge), alkali halide compounds (from LiF to 
RbBr), oxides of elements in group II (from BeO to HgO), and titanates 
of group II elements. 

Of major importance for thermoelements is the effect of impurities on 
the thermal conductivity. When N impurity atoms are dissolved in a crystal 
containing /V 0 atoms, the initial thermal conductivity k 0 drops to a value k 
described, at low concentrations, by the expression 

s-i 4 .ii. 

k /V 0 a 

where Ao ' 8 the free path length of phonons in the pure substance; a is the 
interatomic distance in the crystal lattice and S is the scattering cross- 
section of an impurity atom with respect to phonons expressed in units 
equal to a crystal cell area. 

At high concentrations of impurities within the solid solution - con- 
centrations close to 50% - the free path length of phonons drops to values 

of the order of a to 2a. The effect is largest in substances for which — 

is large. For Si — = 100, and the formation of a solid solution with Ge 
a 

and Sb reduces k from about 1 to 0.03 W/deg x cm. 

In cases when K ph » K el , k can be regarded as practically indepen- 
dent of a and a. Small impurity concentrations which increase n, and 
therefore o, tens and hundreds of times have, under these conditions, 
little effect on u and k. Therefore for such semiconductors it is possible 
to consider separately the conditions of the maximum of a a, in which 
both a and o can be regarded as primarily functions of concentration n. 

Let us consider the conditions at which a 2 o. reaches a maximum. 
According to equation (21): 

k f 2(2 nm*k) /2 V , *1 A . » 

a = — \ A + In + lneuT' 1 -lna = — (S - lna), 

e [ A’ J e 

a 2 o = ^ a [S* - 2S lna + (lna) 1 ], 

= (-Vl(lna) J -2(S-l)lna + S(S-2)]. 
do W 
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|li 


I’h* condition - 0 glv** 

ib 

In a • S - 1 t 1. 

When the sign I* positive, lna»$ nnd a » 0, nnd, therefore, nl»o 
0*0 - 0. When the sign in negative, InO - S - 2 nnd 


a • 2— m 172 x 10- V/deg. 
e 


( 0 1 o) nax m 3 x 10''o. (41) 

(Condition (40) for the maximum of a 2 o is valid at all temperatures, nnd 

•«l nil values of the coefficient A in Pisarenko’s formula. Therefore 

In *o)_„_ is determined under these conditions by the value of o. I he 
mux 

temperature dependence of a 2 o will have the following form 

»/ 

In atomic lattices u = i i 0 T . In this case 

i AY it\[a i 2(2r rm*k)^ . -..I 

a o - I — j a ( 7 / M + In — eu 0 - In a ( T ) I . 

•i‘o has a maximum when the value of o corresponds to a = 2A/e, nnd 
therefore 

, „ . 2(2 trm*k) l/l V 

lna = (A - 2) + In + In euT 2 . 

A* 

v V 

For atomic lattices A - 2 and uT 2 = ** 0 7o » therefore 

2e(2nm*kT 0 )' /2 


where u 0 is mobility at temperature T 0 . Taking r o = 300°K and m* = m„ 
we have 

. 2.s x io», 

h 


° opt = 2.5 x 10** x 1.6 x 10'” u, - 4a 0 


for all temperatures. 


mi 
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'■ material* -fclcK wlle ., lo „ ^ 

"" " " - r "‘- “ - n.7* uA . u A > 

and .4=1. For such materials " T 


‘’’""I?* 


I_ ^ 2e(2nm*kT t ) /j 

• 7 IT “o — ■ 

A’ j 


At m* = m 0 


T 

°opt = l‘44u 0 — ° ohm'* x cm'*. 


In these two cases the optimum values of * are- 
for atomic lattices with A = 2 

1.16 x 10" (44 ) 

and for lattices in which <4 = 1 

V««rS,L v . m 

When x * Kph , then kT « const = x.r,, an d 

V = 4.3 x 10- ^ deg'*. 

II « 0 = 1000 cm*/ sec x V, an d x - 5 x lir* l /j 
x 10-* W/deg x cm 0 5 X 10 cal/deg x cm x sec = 2.1 x 

2 opt ~ 2.05 x 10" 1 deg 

Tte minimum value of a = 0 n 2 n - n „„ j . n 
lattice when ’ ^ - 0 occurs for an atomic 

°min " 29 «o ohm" 1 x cm“, 
and for a lattice with /4 = 1 when 


CT . 

mm 


10.7 u e 


r 

1 o 

r ’ 


Fig |. 7 » “ » S»«io. of In fo/n,!. 

It follows from expressions (42) and (43) that the t , 

concentration n at 300°K is emi»l f optimum free electron 

W K 18 e, I ua, • for an atomic lattice with A = 2, to 



fig. 7 

. 2(2^m 0 A7’) / ’ > 

° " ^1 and a = - (2 + 0) - 2-. 

1 or a lattice with A = 1 we have, at T - T 0 = 300°K, 

n opt = 0 x 10** cm - * . (47) 

isarenlto’s formula gives for this value of n 

opt 

k L 

a =-(l + In 2.7) = 2- . 
e € 

Ihese concentrations are close to ik. „ . r , 

lig. 8 shows the results of 086 ° e ectron degeneracy. 

PbTe 1* ho ” “d I, d “ Pl,S ' ” i,h l "’ 1 ' 

Ira. ch„„ differ.., 

(assuming m*/m 0 = 1) The - In • , * Ve l ^ e va ^ ue A = % or 4 = 1 

•> n «o straight ^n’esin * " = 4 * ^ fal, 

" is assumed that m*/m B = ] these lines are “ \° 8 e 1 uat,on ' "ben 

for p- type PbTe. A - 1 for p-t VP e 1’bSe d ^ orr ® s P ond to values /I = 1.2 

i . 11 these compounds with an 

«.l.«on. chondral c .,„. d by . ^ ^ 


Ibis condition corresponds 



tii i RMor.1 m: i h m u » n i it atom a 


M 

Mini A « I. In thin raaa llmlr elfacllva masses would bn dlfferenti 
m*/m, - 1.18 for |>-ly|ie PbTa, m*/m, « 1 for p-type I’bSn and m*/m t 0.7 
lor n-lypa PbTa. 

Thu lower graph in fig- B ahown the voluoa of n*n based on the <lolo 
In Ihn upper graph (curves 1-3) and the vnluee of a‘a calculated on the 
aeeumplion ihnl for all the speciniena A - 1 and the relntionahip between 

mobility and effective mans ia of the form um* ^ ” count (curves In and 
ts. which correspond to curvea 1-3 in the upper und lower grapha). A. 
la seen from the lower graph, a 2 o reaches a maximum in all cases at 
„ !72pV/deg and its value is highest for n-type Pble which has the 
lowest ratio m*/m e . The scale for a’o in the lower graph has been a» 
•elected that, at m*/m 0 - 1, a‘n coincides with a 2 a. 

The upper graph in fig. 9 shows the value of a for an atomic lattice 
a. a function of n with m*/m„ = 1 (curve 1) and m*/m 0 = U (curve 2, which 
apparently corresponds to electrons in germanium). The lower graph in 
lt K 9 shows the variation of a 2 n for both cases (curves 1 und 2); for the 
lattice with m*/m 0 = V, (curve 2) the scale has been increased ten times 
In semiconductors, the lower the effective mass and, therefore, the lower 
the corresponding (a 2 n) max , the larger is the value of (a 2 a) mox . 


In addition to curves 1 and 2 representing a 2 n, the lower graph in 
fig 9 also shows the values of a 2 o (curves la and 2a) plotted, this time, 
on the same scale. 

The values of a can be obtained from the corresponding values ol n 
by multiplying the latter by the mobility u, Which is in tun. determined by 
the value of m*. For atomic lattices the relationship between u and m 

i an be expressed in the form wn* 5/l = const. In particular, for m*/m,-0.2r>, 
h/u „ ■ 32. As is seen from the plot of a 2 a, the value of (o*^ mM for the 
lattice with m*/m, = '/« is four times larger than for the lattice with 

wi*/m 0 = L , 

The formula describing the dependence of a and a a on a contains the 

Interrelated quantities u and m*. According to the quantum theory, for 

atomic lattices um** 3 = u 0 m£, whilst for polar lattices am* 1 = u 0 m^ . 
Therefore for polar lattices a can be written down as 


k 2e(.2n m 0 kT) 2 

- 3 + In 

e h 2 


( 48 ) 
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Fig. 9 


and for atomic lattices as 



In 


2e(2nm 0 kT )^ 2 

h> 




+ In 


2e(‘2nm 0 kT )^ 

h' 



(49) 


Ml » IIMIIM M I III' MEN » NATOS H 


Hbbbbbbbbbbbbbbbjb""™"**!! 

■■■■■■■■PSimaHHBBHHHaESHHH 

RIlBBBBBr-^BBBBBBBBBBBBBBBBBBBBh^BBBBI 
[^■■■■■■■BBBBBBBBBflBflBBBflBBBBBk? 3 Ba 

|s:sB:sssBs::sscassss5gs88BBSS8S8a|] 

i| 5aKS8isa5ss8888s:888::ss8s:.8ggal 


Fig. 10. A - ionic lattice n/n 0 = a ; B - atomic lattice n/n 0 = (m^/m 0 ) 

l - m m /m 0 = l A ; 2 - m*/m 0 = V 2 ; 3 - m*/m 0 = 1; 4 - mVm 0 - 2 . 
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We can infer from thin that for polar lattice* neither a at a given "• 
nor (a 2 a) depends on m*/m 0 . On the other hand, for atomic latticra the 
value of ( a 2 o) max increases with decreasing m*/m 0 ; for - 2.7 the 

value of the constant A increases from 2 to 3 compared with m* m 0 1 
Fig. 10 shows the dependence of (aV) on log/i for different values of 
m*/m 0 for atomic and polar lattices. It is possible to combine the curves 
in fig. 10 relating to different values of mVmointo onc curve hy replacing 

n along the axis of abscissae by r - 4 Such curves are shown in 

figs. 11 and 11a. A network of values of log/t for different m*/m 0 has 
been plotted at the bottom of fig. 11a to permit graphic conversion of 
abscissae from logr to logs. The smaller m*. the lower is the concen- 
tration r» , required to produce (aV> mox . 

Thus, in order to obtain the highest values of Wo) max it is desirable 
to select semiconductors with maximum mobility u and minimum effective 


mass m*. 

We have discussed here the electrical portion a a of the quantity z, 
which determines the maximum achievable factor of merit. No less impor- 
tant is the thermal conductivity of the semiconductor expressed by the 

quantity k. Here we should aim at a 
minimum value. An exact theory of 
thermal conductivity has not yet been 
evolved. Certain rules, however, 
have already been outlined. 

From considerations based on the 
concept of phonon scattering as the 
process which determines the value 
of K pfl and also from a comparison of 
data in the literature and our results 
it has been concluded that * p ^ de- 
creases with increase of the atomic 
weight and with the reduction of the 
hardness of the material. K ph ^ or 
ionic compounds has a lower value 
than for atomic compounds. 

The above calculations were 
Fig. 11. Atomic lattice ba8ef} on ^ a98umption that 




would coincide with the condition 
z m „„ = which holds only 


| lit N MM F I » C l •• H' II F H t H ATM || 'll 

In , aass when a Is Indspsndsnl ul «, Ml ihs Iwi. Isrms whir I. ill* ll.srms 
nondurllvlty Is compossd, 


inily the phonon component of thern.nl conductivity is independent of «», 
whereas the second, electronic component «,/, is determined by the value 
„| if increasing with the incrcnsc of o, viz - Lo. 



Fig. 11*. Ionic lattice: u/u^ “ 2 , {“nlnj/n )• 

The- numbers down the sides indicate the ratio m */m 9 . 


This second component can be neglected only when « ei « * p fc. whi,?h 
is far from being always the case. In the general case, when * pA and 
are quantities of the same order, the condition a opt = 172 pV/deg is no 

'instead of investigating the condition z max we shall consider the 
equivalent condition (l/z) mln : 

1 K ph K el K ph + L 
a 2 a a 2 a a 2 a a 2 


z 



m 
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a is related to a by the equation a « C - - low, whsnes ~ m ~ ~7 ■ 
. k 6 da k 


By equating 


0, we obtain 


a opt “ 2 


- ^1 + — \ - 172 f 1 + — \ pV/deg. (40a) 

e \ V / \ V / 


At K fl « K ph this condition reduces to the earlier one, a op| = 172 pV/deg. 

Both the left hand side (a) and the right hand side (k ei ) in equation 
(40a) depend on concentration n. Therefore this equation should be regar- 
ded as a transcendental equation determining the value of n at which 
a 2 o reaches its maximum. 

All these formulae relate to non-degenerate electrons. In the presence 
of degeneracy it is necessary to use expressions (26) and (26a) and to 
compute the values graphically. 

The value of the thermal conductivity of thermocouples is not only 
important from the viewpoint of efficiency, but also for determining the 
size of the thermoelectric batteries and for establishing conditions which 
should be satisfied by thermoelectric refrigerators. 

A battery will have the maximum efficiency permitted by its composition 
when the hot junction temperature T, is as high as possible, and the cold 
junction temperature T 0 as low as possible. These conditions determine 
the temperature difference T, - T 0 . The lower the thermal conductivity k, 
the shorter should be the thermocouple, i.e. the smaller should be the 
length l (fig. 1, page 36). 

The density of the heat flux (q) passing through the thermoelement 
(thermal energy in watts passing through a section with an area of 1 cm 1 ) 
can be expressed in the form: 



(50) 


When l is specified it is necessary to ensure a certain value of q and, 
conversely, when the heat flux density is specified the length of the 
battery elements l is governed by thermal conductivity k. 

In practical thermoelements, the efficiency of which does not exceed 
10%, the bulk of the power delivered by the heat source passes to the 
cold junctions by thermal conduction. Therefore the power loss from the 
heat source is primarily governed by the heat flow through the branches 
of the thermoelement. The electric power delivered by the battery can be 
represented as qQ^, where = qS (S is the total cross section area of 
the battery): 
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W ■ qqS * Ifs -!■ y -~ * S« 

The power produced by every cm* of the battery, i.e. tire specific 
pawer, is equal to 

w .L m ( TT jl ( 51 ) 

SI /* 

>• at a given value of the heat flux q, 


lire lower the thermal conductivity, the shorter should be the thermo* 
•dements for a given temperature difference, and the higher should be 
heal flux density at a given If'. As the length l decreases, the specific 
power increases as l 2 , and the heat flux density increases / times. 

I* inully, thermal conductivity is also of importance for the determinn 
1 1 "ii of thermal stresses created in the battery and deformations suffnrnd 
by It under conditions of non-uniform heating. 

l.et us denote the temperature coefficient of linear expansion by /> 
As a result of the temperature difference T, - T a between the hot and t oll! 
mids of the battery, their linear dimensions P, which were initially equal, 
will differ by 

AP-plT, - T„)P. 

When the length of the elements is /, the bending, which each branch 
iif the thermoelement undergoes underthe effect ofthe temperature gradient 

V - T, 

- * is described by the radius of curvature 

l 

P 1 

R* — / = l. (52) 

\P P (T, - T t ) V ' 

For example, when p = 2 x 10“ deg' 1 , r.-r, - 300° K and / - 0.6 cm, 
then R - 100 cm. 

As a result of bending, the initially flat surface of the hot junction, 
fixed at one end, will move af the other end by a distance 

( 52 .) 


With the above naaumptions, when the width of the battery is P-lOcm, 
the other end will move away from the plane by a distance \l - 0.5 cm. 
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or when the centre of the battery ia fixed its edges will move by 2.5 mm. 

When the free bending of the battery is impeded, the stresses generated 
in the battery may bring about its failure due to cracking. At a given 
temperature difference (7\ ~T 0 ) these stresses are the more harmful, 
the smaller is l and the larger is P. 

* * * 

So far we have assumed that one branch of the thermoelement consists 
of a semiconductor with purely hole conductivity and the other with purely 
electronic conductivity. When free electrons with a concentration of n_ 
and mobility u_, and holes with a concentration n + and mobility u + , tire 
simultaneously present in one and the same branch, Pisarenko’s formula 
takes on the following form 



In the special case of a chemically pure semiconductor without admix- 

. */ */ i/ 

tu re s, when n_m + 2 ” n + n»_ “ Tim , a becomes 



When n_u_ - n + u +f then a = 0. In general, however, the values of a 
for semiconductors with a mixed conductivity mechanism are appreciably 
lower than for impurity semiconductors with current carriers of one sign. 
Semiconductors in which the ratio u_/u + is very high form an exception. 
InSb, for example, is known to have u_/u + > 80. For such impurity-free 
semiconductors to possess an adequate concentration n, it is essential 
that the width of the forbidden zone should not exceed certain limits. 


* * * 

We have not taken into account in our calculations the Thomson heat 
generated (or absorbed) by the current in the branches of the thermoelement 
in which there is a temperature gradient (7\ - Tj/l. 

It should be noted that when the condition for the maximum of (a’o) is 
satisfied and a has a constant value of il72 pV/deg throughout the entire 
circuit, then the Thomson coefficient r = 0, and, therefore, the Thomson 
heat is also equal to zero. When, however, thin condition in not sntinficd 
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and -j2. / 0, then, owing to the Thomson heal, a, at the lot junction lias 
to lie replaced by the mean value 

_ a, ■* a. 

am - L J~ {M) 

It is also necensury to specify with greater precision what is under 
stood by the properties of the materials, k and p, in expression (80), when 
the temperature T varies. Both * and p are functions of temperature and 
it is necessary to substitute in equation (30) 


L 

■FT./ 


Kpd T . 


Between the limits 7 o = 300°K and T , = 600°K, k changes approximately 
by a factor of 2 and p by a factor of 4 to 5. 

s should not be regarded as the mean value of k, but the inverse value 
of the mean thermal resistance 1 /k, which increases linearly with lam 
perature: 


J_ + 1 

K o K, 

It would be erroneous to think that ic = at the hot junction on the 
.-sumption that we are only interested in the loss of heal by tbnrmul 
i. induction from the hot junction of the thermoelements. In reality the 

( dT\ T “ T 

^1 is not equal to — " whan 

dx JT-T , / 

► is a function of T . In the stationary case the temperature gradient is 
distributed in the branches of the element in such a way that 


'(SI, 


-T,~T 0 

K 

l 


.vliare k is given by expression (55). 

In order to determine the mean resistivity p entering into expressions 
for t and t) it is necessary to know the law governing the chungcs of p 
"Ith temperature and temperature distribution ulong the rod. The latter 
is governed by the dependence of « or 1/a on T. Since l/« « T, the tem- 
perature distribution along a cylindrical rod may be described by the 
equations 
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AT 1 7 o 

-=CJx, T - T ,e ex , C = r In — . 

f til 

where * is the distance irom the hot junction. 

For the majority of semiconductors, temperature dependence of p can 

be expressed in the form pT n = const; then 


jpj, 4/ <r) ^ J7 ' 


T i „ 

const r 7 _ const /* ^n-i ^T 

= ~cTJ T c/ J 

>r T 


_ 1 const r n ^ _ 

p =» -x — — V77 " / o i - 
n U 


i i Pi - p* i , \ 

- x — X * - In — fpi - Po> > 

n C f n T o 


and in the general case of an arbitrary function p(D 

T, 7-, 

To r o 


(57a) 


Pisarenko’s formula describes a as a function of three quantities: m*, 
T and n. Experiments show that by introducing impurities into the semi- 
conductor or creating an excess of one of the constituents of the main 
substance in the lattice, n can be varied within wide limits without 

significantly affecting the value of m*. , 

Impurities may not only alter the carrier concentration but may also 
affect the sign of the current carriers. When excess or impurity atoms 
become ionised in the lattice giving up their electrons into the free band 
they produce electronic conductivity; on the other hand when impun y 
atoms pick up electrons from the band filled with valence electrons, hole 
conductivity is produced. Thus, an excess of lead m PbS produces elec- 
tronic conductivity, and an excess of sulphur, hole conductivity; in both 
cases the number of current carriers increases. Excess of Mg in the semi- 
conducting alloy Mg,Sb, produces an electronic current flow mechanism. 
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and an airraa of Sb, n hole < urrenl Mow maihunlum| electrical i onduc- 
tlvlty lucrenses in this process from 10 * to 0.1 nnd to 1000 ohm 1 x cm . 
Excess of oxygen or luck of copper (which amounts to the sume thing) in 
cuprous oxide Cu,0 brings about a sharp increase of hole conductivity 
from 10'* to 10' 1 ohm' 1 xcm'*. In all the examples listed above, uloma 
with a low ionisation potential, which give up electrons easily in vacuo 
(such as Mg, Pb), also give up electrons in the crystal, thus raising the 
i oncentration of free electrons; atoms of electrically negative elements, 
which produce negative gaseous ions (such as 0, S), become sources of 
hole conductivity. It may be inferred that we are dealing in these cases 
with lattices in which ionic bonds predominate. 

There exist, however, semiconductors in which an excess of any of 
its components raises the electrical conductivity, whilst producing 
curriers of one kind only which are characteristic of the substance. A 
semiconducting alloy of this type is ZnSb, in which both an excess of 
/.n and an excess of Sb increase hole conductivity without changing 
t nrrier sign. There are several semiconductors, in which - as in ZnSb - 
the sign of current carriers is always the same, whatever impurities are 
introduced. 

In semiconductors with pure valence bonds, the sign of current carriers 
introduced by impurities depends on the number of valence electrons in 
the atom. This, for example, is true for Ge and Si. Here each of the pnii 
of atoms should provide one electron for the chemical bond. When the 
place of an atom in the main lattice is occupied by an atom of a different 
i hemical nature, the latter should provide as many electrons for bonds 
with the adjacent atoms as there are in the main atoms in the lattice 
When there are more valence electrons in an impurity atom than is required 
(or this purpose, the surplus of electrons passes over into the free rone. 
When there are not enough valence electrons, they are supplemented by 
electrons from the filled zone, leaving behind a corresponding number of 
holes. 

In the previously cited example of Ge and Si each atom has four 
valence electrons, which saturate fourvalence bonds with adjacent atoms. 
Elements of groups I, tl and III of Mendeleev’s periodic system, which 
have a deficiency of valence electrons, produce hole conductivity, whilst 
elements of Group V produce electronic conductivity. 

It is important to note that this rule is valid only for substitutional 
impurities which occupy the place of one of the lattice atoms. In the case 
of interstitial impurities, when the extraneous atoms take up positions 
within lattice cells and create local lattice defects, the sign of the con- 
ductivity depends primarily on whether the impurity atom is electrically 
positive or negative In such cases one would expect that the elements 


M MM tiM II ll r IllM I II I II MUM > Ml N in 


M 

in the first columns would )>r«Hlu • *> rlntlronli rondm II vlly nml elemciils 
belonging to groups VI nml VII hole rondm ti vlly (os in tlir ruse of ionic 
compounds). 

Finally, an impurity may occupy defect sites und vacancies, which 
usually occur as a result of different diffusion velocities of the consti- 
tuents. In such cases the electron mobility usually increases and the sign 
of conductivity depends on the conditions of binding of the impurity atom. 

Admixture of impurity atoms or a departure from the exact stoichio- 
metric composition of the compound also affects other properties of the 
semiconductor: as a rule the electron and hole mobilities decrease and 
the thermal conductivity also falls. An impurity providing positive ions 
reduces the electron mobility, whilst negative ions reduce hole mobility. 
In all cases the cause is the higher concentration of scattering centres. 

If the conditions for electron and phonon scattering were the same, the 
ratio of the mobility u to the phonon thermal conductivity x. p f l would not 
be affected by the introduction of impurities. In this case * pA /u = const. 

In reality, however, as has already been pointed out, the conditions 
of electron and phonon scattering differ. Under no conditions can K ph be 
regarded as directly proportional to u. 

Whilst most phonons have a wavelength ranging from one to a few 
atomic distances and are therefore scattered on all lattice distortions of 
the order of atomic distances, the wavelength of electronic waves extends 
over a few tens atomic distances; therefore electrons are scattered on 
defects of this size only to a small degree. 

big. 12 shows the thermal conductivity K pfl for PbSe in which various 
amounts of I’b I'e have been dissolved. Whereas K pfl in approx. 50% solu- 
tions decreases 2.5 times and the free path length of phonons in such 
solutions does not exceed two lattice constants, the electron mobility 
does not decrease, or it becomes even higher than in pure PbTe and PbSe. 

The ratio x^/u in solid solutions is, therefore, particularly favourable 
for thermoelements. 

However, negligible amounts of certain impurities (concentrations of 
less than 0.1%) reduce the mobility of Ge many times, whilst the lattice 
component of its thermal conductivity only decreases to a half on the 
addition of as much as 3% of other impurities, e.g. silicon atoms. 

The introduction of various impurities into the semiconductor is the 
principal method available enabling us to alter semiconductor parameters 
(a, a, k) in the desired direction. It must be remembered, however, that 
impurities not only increase free charge concentration n, but may also 
decrease free charge mobility u, so that o cannot be regarded as propor- 
tional to n; in fact o grows more slowly than n. Introduction of impurities 
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dona not lend only In nn Inifrsse of the •lei Ironic purl of thermal rondm 
llvlly together with n, bill nlaii lo n simultaneous decrease of ilia phonon 
iharnin! conductivity. Whan lhaac clrotimalnncaa ora lukrn Into ai count, 
o'o in found to ranch n mnximuirt nt thermal emf values slightly different 
from 172 pV/deg. 


Vk 



Fig. 12 

I he presence of impurities in the semiconductor, which affects the 
electron concentration, mobility, and thermal conductivity at a given 
temperature, also affects the temperature dependence of these quantities 

Scattering centres introduced by the impurities reduce the thermul 
conductivity of the semiconductor and slow down the rise of thermal resis- 
tance 1 /k with temperature. 

These effects of impurities are well illustrated in fig. 13, which shows 
the results of measurements of the thermal conductivity k of both pure 
lead telluride (curve 1) and lead telluride containing large amounts of 
impurities (curve 2). Having determined the thermal conductivity and 
electrical conductivity of both specimens in the temperature range from 
^10 to 300 C, we could separate the phonon part of thermal conductivity 
K ph on Hie basis of the Wiedemann-Franz law (curves la and 2a). 

Fig. 13 demonstrates the reduction of the phonon part of thermal 
conductivity caused by the introduction of impurities. At 50^ ly decreases 
to a half, viz from 25 x 10 to 12.2 x 10 *. It is also found that in the 
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pure aubalnnce K p ^ in uppriulinulely inveranly proportional to abnolult 
temperature. 

K n t (at 50°C) 

P" =» 1 85 

K ph (at 300°C) 

whilst the inverse of the ratio of the absolute temperature is 

573°K , ™ 

1.78. 

323°K 

The impurity semiconductor presents a completely different picture. 
For the same temperature ratio (1.78): 


k ^ (at 50°C) 


= 1.07. 


K ph (at 300°C) 

Such a negligible drop of with temperature rise indicates the pre- 
dominance of phonon scattering by impurities, which is independent of 
temperature, over scattering by thermal vibrations. 

K X 10* 



!■■■■■■■■■■■■■■■■■■ 

!■■■■■■■■■■■■■■■■■■ 


!■■■■■■■ 


Fig. 13. The effect of impurities on the thermal conductivity of PbTe. 
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I ha rlfm I o( Impurity atoms on the si so troll ronieiitrnOon n depends 
mi ilia Ionisation energy AA in the given aiihaUnrn, In other worda on lha 
energy level of lha elei trona in the ntom with reaped to the houmlnry of 
ilia forbidden bund. 

When the energy level of nn electron in nn ntom in done to the conduc- 
tion bund, thin. Inula to electronic conductivity; on the uther bund when 
there ia nn electron level in the atom which in cloner to the edge of the 
valence band, the electrons from this band are picked up by impurity aloma 
which results in hole conductivity. Denoting by A E the difference between 
I lie electron energies in the atom and close to the bund edge, and by /V 
l lie number of impurity atoms, we find 



2 / ’N /l (2nm*kT) / ' 



x e 


A A 

2k r 


'llie energy A £ depends in turn on the ionisation potential of the ntom 
and the dielectric constant of the medium. For, e.g. , hydrogen-like ntoma 
in u medium with a dielectric constant r, the radius of the first tpiiinlum 
orbit is 

r = 0.535 x r x 10'* cm. 

W'hen f is of the order of 10 or more, r is appreciably larger than the 
lattice constant and the medium can be regarded as continuous without 
introducing a large error. We have then 

A £ = £. x 1 = eV> 

As a rule, interstitial impurities distort the lattice more than substi- 
tutional impurities, particularly in the region encompassing the bulk of 
the electric field of the ion. Therefore, when the above formula is applied 
to interstitial impurities without modifying the value of f, the resulting 
value of A E is not always accurate. 

The temperature dependence of the electronic part of thermal conduc- 
tivity K f i is given by the Wiedemann-Franz law 


= 1.72 x 10 -'oT. 


When a rises with temperature, as happens in semiconductors with a 
low electrical conductivity, K e j increases with temperature at a steeper 
rate than T. 

In semiconductors with a low resistivity, which are mainly used in 
the construction of highly efficient thermoelements, n often remains 
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approximately constant over a wide temperature runga, whilst tlie mobility 
u decreases with temperature; consequently u dn reuses with temperature, 
this decrease usually being steeper than the increase of T. 

In impurity-free substances the mobility decreases with temperature 

rise according to the law uT /j =const or uT ^ =const. When n is constant, 
K r l decreases with temperature either as 7’" 2 or as T~ 

finally, let us consider the conditions most frequently encountered in 
semiconductor thermobatteries, when the electrons are produced by 
impurity atoms. It is possible for the impurities here to be the principal 
factor governing the scattering of electronic and thermal waves. In com- 
parison with scattering by impurities, which does not vary with tempera- 
ture, scattering by thermal vibrations, which is proportional to the absolute 
temperature, then plays a secondary role. Therefore, in such impurity 
semiconductors, the phonon part of thermal conductivity varies little with 
temperature (fig. 13). On the other hand, as has already been noted, the 
temperature dependence of the electronic part of thermal conductivity is 
governed by the temperature dependence of the product oT. 

Electron scattering by ionised impurity atoms increases with decreasing 
electron velocity, and the mean electron velocity in non-degenerate semi- 
conductors is proportional to T. Therefore the mobility in such semicon- 
ductors, when it depends on scattering by ionised impurities (as often 
happens at low temperatures), increases, and not decreases, with rise of 
temperature. 

The predominance of scattering by ionised impurities has also another 
important effect on the thermoelectric properties of the semiconductor: 
the dependence of the free path length / on the kinetic energy t has in 
this case the form 


/«r J . 


Therefore the constant term in Pisarenko’s formula becomes equal to 
4, and the expression for the impurity conductivity for a single type of 
carrier becomes 


The optimum value of a - 172 


k I 2 (2n m* kT ) J/ M 
a = i — I 4 + In I . 

c |_ h'n J 

of a-- 172 ^1 + ^pV/deg is 


pV/ deg is reached at higher 


values of n than in the case when the first term in the square bracket is 
equal to 2. 
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Introduction of impurities roduies the mobility to n lesser degree 
limn it increases a, no that the electrical conductivity a at a given value 
of n la higher and consequently a'o has nlno a higher value. Since impuri- 
ties reduce the phonon thermal conductivity the vulue of x - — 


Increases on the introduction of ionised impurities when the number of 
lium is sufficiently large to govern the mechanism of electron scattering. 

Introduction of a large quantity of impurities producing free charges of 
die same sign frequently raises the carrier concentration to a level at 
which a degenerate system is formed. As the concentration increases, a 
Increases; however, in the degeneracy range a decreases with a less 
steeply than in the non-degenerate state. 


— . — v,. upiiumiir vaiuc oi a in me case oi degeneracy have 
earned out by graphical methods, using tables for the function 

K vtfj l ^ e ca8e “^vanced degeneracy, when ^ » 2, the semicon- 
ductor can be regarded as a metal with a low concentration of free charges 
and with r equal to 2. The condition of the minimum of 


1 _ K _pk_ + £ 

x aV a 1 


leads in the general case to the differential equation 



k 1 k 1 

where L may range from 2 —T to 3.3— T, depending on the extent of 
degeneracy. 

By plotting a as a function of 1 /a, it is possible to find the value of 
"opt * or a g> v «n value of L/k ph . 

After having discussed a number of topics related to the selection of 
materials for thermoelectric power generators, we shall consider now a 
few specific examples with some numerical results. 

As we have seen, the figure of merit of a thermoelement under the 
selected optimum conditions is governed by the electron mobility and the 
phonon thermal conductivity in the range T l - T t . The total thermal con- 
ductivity here always exceeds its electronic part. 

Let us assume that for an atomic lattice we have attained the condi- 
tions a = 172 pV/ deg, a = 4a, and take the values of 10’ 1 and 2 x 10“ a for 
K ph ■ F urt h er . we shall take T t = 300°K. Tables 3 and 4 show the values 
of z and tf for these conditions. 
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The optimum values of the efficiency n are listed in table 5 for both 


heat sources with a temperature 7*, • 


TABLE 3 

THE VALUE OF z x 10* AS A 
FUNCTION OF u AND k h 


u 

cmVscc x V 

v xl °* 

W/degxcm 

10 20 

100 

1.01 

0.54 

200 

1.78 

1.0 

400 

2.85 

1.78 

800 

4.1 

2.8 

1000 

4.4 

4.3 

2000 

5.5 

5.4 

10000 

6.5 

G.2 


373°K, ns well nn for very high 
temperature heat aources 
(T, = 1800°K), assuming in all 
cases that T 0 » 300°K, K pfl m 
=10x10" and u = 400cm'/becxV. 

We shall make numerical cal- 
culations for thermoelectric 
generators on the following 
assumptions: 

1) T, = 370°K, T, = 300°K, 
o = 1600 ohm* 1 x cm* 1 , x p ^ = 20x 
xlO**, * eZ = 7.2x10", a =230 
pV/de g, z = 3.1 x 10**, 17 = 3 . 6 %. 

2) T, = 600°K , T t = 300°K, 
o = 1600 ohm* 1 x cm* 1 , x p ^ = 15x 
x 10*', k c1 = 10.8x10**, a = 295 
pV/deg, z = 5.4 x 10"*, 1 ) = 18%. 


In both cases, the attainment of a =230 or 295 pV/deg at an electrical 
conductivity o = 1600 ohm * 1 x cm ' 1 requires a very high mobility. Unfor^ 


tunately, there are few known materials with such a mobility, the phonon 
thermal conductivity of which at room temperature does not exceed 
20 x 10*' W/cm x deg. 


TABLE 4 

THE VALUE OF Vopt (%) AT T 0 = 300°K AS A FUNCTION 
OF MOBILITY u. 



TiirnMnn n ink: m nmu rout 


fl 

I'ha following coadlliona confono mors cloanly to llm pniporliaa of 
rnal mntarlalai 

II) T, - 600° K, r, - 300"K, o - 10(H) ohm ' 1 x cm", « . . 20 m 10 *, 
- 6.5 x 10". a - 200 pV/deg, 1 - 1.5 x 10". r, - 8.2%. 

TABLE 5 



In the last case the optimum value of a would have been 225 pV/de^, 
«t the same electron mobility, a = 875 ohm * 1 x cm* 1 , z « 6.3 x 10 \ 

* - 1.7 x 10", 17 = 9%. 

* * * 

Let us formulate the conditions for achieving high efficiency. It hnn 
been shown that the material should be characterised by as high a value 
of z = c?o/k as possible, and be capable of operation up to very high 
temperatures 7\ of the heat source. 

For this purpose: 

1 . The phonon component of the thermal conductivity of the semicon- 
ductors should be as low as possible. This condition should be satisfied 
by substances with a low Debye temperature, consisting of heavy molecules 
weakly bound to each other. The value of x p ^ can be farther reduced by 
the introduction of impurities and the formation of solid solutions, provided 
these impurities do not simultaneously reduce the electron mobility by a 
similar amount. 

2. The mobility of current carriers (electrons or holes) should be as 
high as is compatible with condition 1. The mobility should preferably 
not be reduced much by the introduction of impurities which raise the 
electrical conductivity a. This condition will be best satisfied by atomic 
or molecular lattices with the predominance of acoustic vibrations in the 









n 
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thermal spectrum. Th. mobility cm be slightly increased by thorough 
annealing and inaome cuu by the introduction of impurity atomn tending 
to occupy empty lattice sites and reduce any lattice distortion. 

3. One of the arms should consist of a purely hole type and the other 

of a purelyelectronic type semiconductor. For this purpose semiconductors 
should be selected which have low ionisation energy \E, and a forbidden 
band of such a width that the concentration should be determined solely 
y impurity atoms up to the hot junction temperature. Only at high ratios 
of electron-to-hole mobilities is it possible to employ semiconductors 
with a narrow forbidden band. 

4. The electron concentration throughout the entire element, from the 
hot junction temperature 7\ to the cold junction temperature T 0 , should 


be so adjusted that the thermal emf a - 172 


('•£) 


pV/ deg at the tem- 


peratures prevailing in the various portions of the element. To satisfy this 
requirement it is necessary to make the thermoelement arms with a variable 
impurity content or construct them from several parts. In the low tempera- 
ture zone the impurity concentration should be lower than in the high 
temperature zone since the value of a at a given m* (effective mass of 

current carriers) is governed by the ratio T^/n. 

5. An important requirement for practical applications of the material 
is its stability to chemical influences, in particular to oxidation, and 
good mechanical strength and elasticity are necessary to prevent the 
thermoelement from cracking under the effect of thermal stresses. 

6. In addition to materials suitable for the arms of the thermoelement 
it is also necessary to find a material for the metallic bridge connecting 
the arms which should create neither additional electrical resistances at 
the boundary with the semiconductors, nor additional thermal stresses. 

The last two conditions become particularly important when, instead 
of a single thermoelement, one is considering a pile consisting of a large 
number of thermoelements. With a thermal emf of 172 pV/deg in each arm 
and a temperature difference of 300°, each element generates about 0.1 V. 
Consequently it is necessary to connect, e.g., 1000 elements in series 
to produce a 100 V pile. Therefore, a flexible bond is required between 
the couples of the pile and the hot and cold sources in order to avoid 
damage by thermal stresses. 

2.3 Vacuum thermoelements. The low efficiency of semiconductor 
thermoelements is primarily due to the conduction of heat from the hot 
junction to the cold junction. Electron scattering in the thermoelement 
and the transfer of energy, accumulated over a free path length, to the 
lattice together with the transfer of thermal energy by heat waves, create 
an unfavourable relationship between mobility and thermal conductivity. 
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I rom this point of view it i. of interest t„ consider u thermoelement 
based on therm, on, c emission in vscuo. Such u generstor of electrical 
energy may. e.g consist of a number of plates kept at a high temperature 
. ' and separated by vacuum from another set of plate, maintained at „ 
ower temperature T,. Emission increases so steeply with temperature 
•« even at T, - T > 200 the emission of plates at temperature T, can 
.e practically neglected in comparison with the emission of the hotter 
plates. The difference between the kinetic energies in such a system 
creates an emf of a corresponding magnitude. The current is, however 

' m, M d by l^l L 9paC<! L Char * C; reduclion of the 9 P ace <* a 'ge i» the main 
problem which has to be overcome in vacuum thermoelectric generators 

•ii°l lead ° f bc , ,n « traaafarred through lattice heat conduction, the heat 
will here pass through the vacuum by radiation. Nevertheless, since the 
emiss ivity is fully determined by one to two atomic layers, i.e. an outer 
layer 10 cm thick, whereas a layer of an order of 0.25x10-* participates 
-n the radiation and reflection of infra-red rays, it is possible to produce 
surfaces characterised by high electronic emission and low radiation. 

Ihereflection coefficient can be increased to 95-97% and the radiation 
coefficient can be correspondingly decreased. In this way heat conduction 
which is the main source of losses, could be substantially reduced in 
vacuum electric power generators. 

• £ Derat L 0r , 8 Ca “ 0bvi0U9l y °P era te only at high temperatures, 

viz 7-, >900 k whilst there would be no sense in decreasing the tem- 

IlecrM 6 ^ ^ ° W tbe limit 01 Wh ' Ch eleCtronic emi8S «on substantially 

. Takin *7« ** 30(1 7.-7 00°K, the thermodynamic efficiency 

becomes 30% and the efficiency of the thermopile 10%. The temperature 
difference from 700°to300°K could be utilised in a semi conductor therm o- 

dement with an efficiency of, e.g., 10%, thus bringing the total efficiency 

to JXJ%. ' 

The power balance of such a device will be found to be favourable as 
a result of an increase ofthe efficiency of the thermoelement. Possibilities 
of practical utilisation pf high temperature heat sources in a combination 
of a vacuum thermoelement with a solid state generator will depend on the 
specific power output of such a generator, its dimensions and cost, all of 
which depends toa large extenton theattainable emission current density. 


CHAPTER 3 


OTHER APPLICATIONS OF THERMOELEMENTS 

3.1 Cooling. The problem of the thermoelectric refrigerator is dis- 
cussed in detail in the section on thermoelectric cooling. We are therefore 
presenting here only the principal results relating to this application. 

Thermoelectric refrigerators utilise the Peltier effect consisting of 
the generation or absorption of heat at the junction between two conduc- 
tors when a current is passed through a thermoelectric circuit (fig. 1 , 
p. 36). We shall choose the direction of the current / so that the heat is 
absorbed from the cooled volume at a temperature T and generated at a 
room temperature T 0 . The power absorbed at the cold junction is then 

Q = alT 

and that generated at the hot junction 

Qo = aJT 0 . 

The Joule heat generated in the thermoelement is 

IF * / a r 

where r is the resistance of both branches of the thermoelement. Half of 
W proceeds to the hot junction and the other half to the cold junction. 

The heat transferred from the hot junction to the cold junction by 
conduction is 

<? A = A(r 0 -n. 

In addition it is necessary to take into account the power consumed by 
the current flowing against the potential difference between the hot and 
cold junctions, 

Qp ** al{T 0 ~ T). 

The coefficient of performance K is equal to the ratio of the power 
absorbed by the cold junction to the electrical power consumed by the 
thermoelement 
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" IT - J/‘r - *(/•„ - T) 

* - - (58) 

l'r+a(T a -T)t 

As in the case of the thermoelectric generator we shall describe the 
thermal conductance of the thermoelement k and its resistance r by the 
ipecific parameters for the two branches k, and p, and p, and the 
dimensions of the branches S, and 5 a , /, = /,-/. As in the case of the 
thermoelectric generator K is maximum when 


under these conditions 


-V- » - 

W Pi K. 


kr = ( \Jk-iP x + V K iPi • 


In the expression forK we shall multiply the numeratorand denominator 
by r and replace lr by V. Dividing the numerator and denominator by V we 
obtain 

aT - \V - kr(T 0 - T)± 

K , 2 V 

V + a{T 0 - T) 

We shall select the potential difference between the ends of the thermo- 
element so as to make K maximum. For this purpose we shall equate — 
to zero which gives ^ 


4 kr T a -T 


(r 0 - T) 2 


V 2 - — x V -2 kr ° - 0 

ODt _ T . T nnf ~ JCr — ~ U » 


T + t 0 P f 


T a + T 


V opt = 


Putting again 


we obtain 


r.-r f I ; 

~ t~T t . 


i + ^z(r„+ n - w, 


V opt - a( T 9 - T)— - ( 59 ) 

In this chapter K is used to denote the coefficient of performance and k the 
thermal conductance of the thermoelements. 
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and the value of the coefficient of p or form an < e i orreapondlng lo thia 
value of V 

T 0 

v T T 

K = x . (fj\\ 

T t -T M + 1 

The maximum temperature drop (T 0 - T) max attainable at a given value 
of Af will be obtained by equating K to zero. In thia case we have from 

(59) M = and 


(T a -T) 


i = - zT I 2 * * * * * * * ; 

max 2 


in this case F opt = aT and the power consumption W =* —T 2 = kzT *. 

The first multiple in the expression for K represents the thermodynamic 
efficiency of a reversible Carnot cycle, and the second multiple the 
reduction of efficiency due to the irreversible processes of thermal con- 
duction and Joule heat generation. 

It is easily seen from the expression 


1 /r. \ i 

*'v r ' L-h 


I J 

that the coefficient of performance K decreases (and — increases) with 

T T K 

increasing and, for a given , with decreasing A/, i.e. decreasing 
value of i-z(T 0 * T). 

Taking for example z = 2 x 10**, T 0 *= 300°K, and \T — 30 k, we have 

Af - 1.225, and K = 10 * = 0 ' 64 ' 

Since the conditions which have to be satisfied by the material of the 
thermoelement in order to achieve maximum K can, as previously, be 
reduced to the maximum value of z(T 0 * T), the selection of materials 
will be governed by the same considerations as before, except, of course, 

the effect of temperature on the materials. 

Table 6 and fig. 14 give the dependence of the value of K opt on z and 

the temperature difference ( T 0 ~T).la addition to the value of 
following from expressions (59) and (61), table 6 also shows the correspon- 
ding values for thermoelectric batteries consisting of two stages arranged 
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( r + f\ /t.*T \ 

/'» “ - * - 1 and I — -jj— - TJ . Il may be shown that, when 

ilia coefficients of performance of the individual stages arc K t and K t , 
the overall coefficient of performance for the two stuges in series will be 


and when K, “ AC, 


1 + 1 + 1 
K, + K, + K,K t 



(62) 


Straightforward calculation shows that the use of two stages increases 
appreciably the value of K only when K < 1. It is in practice useless to 
Increase the number of stages above two. 



Fig. 14. 

When, however, it is intended to achieve the maximum temperature drop 
without paying attention to energy consumption, each new stage will 

decrease the temperature by a value somewhat smaller than T— When z 

2 

is independent of temperature, the reduction of temperature is proportional 
to T 2 , where T is the final temperature achieved by cooling. Therefore 
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successive stn K es will give smaller and amallsr Ininperaturs drops. When 
for example * « 2 x KT* and T 0 - 300"K, the first stage will produce n 
temperature drop of 59°, the second somewhat lens than 40°, the third 
less than 29°, the fourth less than 22°. etc. The power consumption 
steeply increases with the increasing number of stages. The maximum 
temperature drop which may be achieved with a single stage at z = 2xl0"’ 
and T = 100°K is only 8.5°. 

The main condition governing the efficiency of a cooling device as 
well as of a generator is the heat flux across the thermopile. In a generator 
this depends mainly on heat conduction. The amount of heat transferred 
to the hot junctions is only slightly greater than that removed from the 
cold junctions. These conditions are somewhat different for a refrigerator: 
to the power Q c removed from the cold end of the thermoelectric battery 
is added electric energy which often considerably exceeds Q c (it is equal 
to Q/K), and the energy which has to be removed from the hot junction is 

= Qc + K = 0.25 the power removed from the hot junction 

is five times that absorbed by the cold junction. 

The better the heat transfer conditions between the junctions and the 
surroundings and the lower the temperature difference with reference to 
the surroundings required for transferring the power Q^/S and Q c /S, the 
lower is the temperature difference AT at the junctions of the thermoelement 
and the higher its coefficient of performance. 

3.2 Heating. Whilst cooling one set of junctions, a thermoelectric 
battery raises the temperature of other junctions. In contrast to direct 
Joule heating, the electrical energy in a thermoelement serves for trans- 
porting additional heat energy from the cold to the hot junctions. 

The calculations for such a heating device differ from those for a 
refrigerator in that the half of the Joule heat which is transferred to the 
cold junctions reduces their coefficient of performance, whilst that trans- 
ferred to the hot junctions in a heating device is added to the Peltier 
heat. 

The coefficient of performance in this case is 


alT + \l'r-k{T-T a ) aT + -kr(T-T„)l 
£ _ 2 y 

Pr+al(T-TJ V + a(T- T 0 ) 


Its maximum is obtained from the condition — = 0 which gives 
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At z = 2 x 10-*, T 0 = 270° and T - T, = 30°, M = 1.255, Tz = 0.6 we have 

—L = 10 and K = 1.5. 

T - T a 

The values of K opt are tabulated below for various z and ( T - TJ. The 
values of K can be raised by using two stages. With three successive 
stages, each raising the temperature by A 7Y3, the coefficient of perfor- 
mance is still higher than with two stages, each raising the temperature 
by AT/2. Thus, in raising the temperature by 30° from 300° to 330°K the 
coefficient of performance is 


z 

K , 

*// 

*/// 

1 x 10-* 

1.30 

1.38 

1.46 

1.5 x 10-* 

1.40 

1.47 

1.55 

2 x 10'* 

1.65 

1.68 

1.71 


It follows from table 7 that the advantages of thermoelectric heating 
for general beating purposes become appreciable at z > 2 x 10'*, particu- 
larly when the temperature difference between the junctions does not 
exceed 40°. At z = 5 x 10"* and AT = 40° only half of the heat is supplied 
by the electric power fed into the battery; the other half is pumped by the 
thermoelements from the cold junctions utilising low temperature heat 
sources, such as water in rivers or pipelines. When AT = 30° the same 
result is obtained at z = 3 x 10"*. 

The smaller AT, the greater are the advantages of thermoelectric 
heating. Thus, e.g., when : = 3x 10'* the electric power required to raise 
the temperature of water by 10° and 5° is, respectively, five and eight 
times less than that required by conventional electric heaters. 

In the case of cooling by a small AT, the electric power required to 
cool by 10° and 5° is, respectively, four and eight times less than that 
consumed by conventional electrical cooling devices (assumingz = 3x 10"*). 
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3.3 Measuring lechniques. Thermocouples have been used f«ir tem- 
perature and radiant energy measurements for mttny ycitra. Until the lust 
few decades these were the only applications of thermocouples. 

Thermal emf’s of semiconductors are at least one order of magnitude 
higher than in metals. Semiconductors may have a reaching 1000 pV/ deg, 
whilst metals give no more than 20 pV/deg, and metal alloys up to 
50 pV/ deg. Measurement of the temperature difference between the 
junctions is usually carried out with the aid of a potentiometric scheme 
in which the current is equal to zero. It would appear that semiconductors 
would give sensitivities ten times higher. In spite of this, semiconductors 
have not found a wide practical application in temperature measurement. 

Semiconductor resistors - thermistors - are finding increasing appli- 
cation. 

Thermopiles acting as radiant energy receivers are made of metal 
alloys. It has been recently found that some of these alloys are typical 
semiconductors, although not the best ones by far, either with regard to 
the thermal emf or efficiency. The sensitivity of a thermopile is governed 
by the electrical energy generated by the absorbed radiant energy, and to 
permit the amplification of extremely small radiations it is necessary to 
use emf’s as large as possible. 

The conditions for the optimum efficiency are the same as those derived 
for generators, whilst the requirements for thermopiles feeding an ampli- 
fier can be reduced to the attainment of the maximum emf’s and are far 
from having been achieved in available instruments. The rational selection 
of semiconductor materials would make it possible to increase the sensi- 
tivity of thermopiles. 

Photoconductors and bolometers are finding an increasing application 
in practice. In addition, the sensitivity of the available radiant energy 
detectors is already close to the maximum attainable, which is governed 
by the noise level. Therefore an increase of their efficiency is of no 
interest for practical purposes. 

The existence of semiconductors with melting points up to 4000°C on 
the one hand, and technical processes involving very high temperatures, 
which exceed those which can be withstood by metals, on the other hand, 
leads us to expect that semiconductor thermocouples will find an increasing 
application in this temperature range. 

The form of semiconductor thermocouples will probably differ from the 
thin wire construction used in the current metallic thermocouples. 

3.4 Sound generators. In chapter 2 mention was made of thermal 
deformations taking place in a semiconducting plate when a current is 
passed through it; the plate bends into a spherical shape with a radius 
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where l in plate thicknenn, p coefficient of linear thermal expansion, and 
(/, /,) temperature difference between the two opposite faces of the 

plate. 

In order to calculate this temperature difference we ahull consider that 
an alternating current is passed through the plate, the frequency of the 
i urrent being such that there will be enough time for the heating of one 
lure and the cooling of the other face to spread to the central plane of 
the plate, the temperature of which remains constunt (since here we are 
neglecting the Joule heat amounting, in this case, to approximately 1% of 
the Peltier heat developed at the faces). 

l.el the current density in the plate be I. The Peltier heat generated 
and absorbed per 1 sec in a plate with a 1 cm 1 area is then Q ■ aJT. At a 

frequency of N c/s the heat generated in a half period is equal to — n/7' 

. .A 

) miles. This energy will heat one half of the plate and cool the oilier half 

by 

T fr 


where c is the specific heat (per cm’); 


T,~T t = 7AT = —alT— 

N cl 


2 palT 

We shall put, as an example, /V = 50 c/s, l = 10" 1 cm, c = 2 joule/cm 1 , 
P = 2 x 10’’ deg* 1 , a = 2 x 10' 4 V/deg, / = 40 A/cm J , and T = 300°K; this 
gives 

T t ~ T, = 4.8°C and R . 100 cm. 


When the plate is a circular membrane 5 cm in diameter, the amplitude 
of forced oscillations will in this case be equal to 0.6 mm. Such a mem- 
brane may serve as a powerful source of sound waves of the order of 2 W. 
A membrane 10"* cm thick would generate sound waves with a frequency 
of 10,000 c/s. 

3.5 Crystallisation. Peltier heat Q = alT is generated or absorbed at 
the interface between the solid and liquid phases of one and the same 
conductor, as well as at the boundary between two different substances. 
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The heat evolved in crystallisation can he removed mil only in llie usuiil 
manner by thermal conduction, but ulso, through (he I'eltier effect, by the 
flow of electrons. 

Let us consider the conditions of crystallisation at a boundary with an 
area of 1 cm 1 when the melting point is T a . We shall assume that a current 
with a density of / A/ cm 1 is supplied to metallic blocks which are good 
conductors and the temperature of which is maintained at T 0 . 

We shall denote the specific heat of fusion by q cal/gm =4. 19q joule/gm 
= Q joule/gm; the density of the solid phase by d gm/cm 1 ; the thermal 
emf between the solid and liquid phases by a V/deg; the resistivity of the 
liquid by p, ohm x cm; the resistivity of the solid phase by p, ohm x cm; 
the thickness of the liquid layer by L, cm; the thickness of the solid 

phase by L 2 cm; and the rate of growth of the solid phase by cm/sec. 

The power developed or absorbed at the boundary is 


V = alT 0 - i/Mp.L, + pjL,) . 


Since the temperatures at the boundary between two phases and at the 
electrodes are equal, there is no doubt that the Joule heat will be equally 
divided between the electrodes and the boundary. The second term repre- 
sents, here, the power supplied to the boundary from solid and liquid 
phases; the first term is the Peltier heat removed by current /, expressed 
as power. 

The power IT determines the rate of crystallisation: 


«/r.-i/*( Pl L 1 + p 1 L J ) 


The rate of crystallisation will be a maximum at a current density 
l op( satisfying the equation 


opt = P,£, + PA 


At this value of / = /„ 


AL 1 (aT,) 1 


At 2 Qd(p l L l + p,L, ) 


L 



The May 1957 issue of the Journal of Electronics, pp. 597-606, contains a 
paper by W. G. Pfann, K. E. Benson and J. H. Wernick concerning the uaa of the 
I'eltier effect for the crystallisation of well-conducting liquids and in particular 

semiconductors. 

However, as the authors of the article themselves point out, their Irnatmenl 
differs substantially from our approach. 

1 consider the most important advantage of the Peltier effect to consist of the 
possibility of carrying ont crystallisation under isothermal conditions at the 
melting point. This prevents the appearance of thermal streases and plaalic 
deformations. It is probably also the only method of preparing perfect crystals by 
/one melting. The possibility of creating p-n junctions by varying the magnitude 
or direction of the current was self-evident. 

On the other hand, Pfann et al. are mainly interested in this last proceaa. 
Consequently, there was no need for us to consider the temperature gradient; all 
that was necessary was to assess the magnitude of the current which would not 
appreciably affect the constancy of the temperature, whereas in the aforementioned 
paper it is equally natural to take into account primarily the transport of the 
Peltier heat along the temperature gradient. 

In the Russian edition of this book the value of the thermal emf at the boundary 
between solid and liquid germanium was listed as a=15 X 10"* V/deg. At the time 
of writing of the book our measurements had not been completed and this volue 
appeared to be the smallest of all the possible ones. It was important to show 
that even at such low values of a it was possible to attain adequate crystallisa- 
tion velocities. 

The pronounced effect of the plastic deformation of Ge and Si on the value of 
a impedes its measurement at the melting point. However, when a is determined 
by extrapolation in the solid and liquid states, the resulting value of a . - a .. 

SOt It if 

is close to 100 /tV/deg. It is this value that in unnd in the calculations of para 
meters listed in the last line of table 8. 

A. F. Ioffe 


July 1957 
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When / «l opt the second term in the expression for # becomes small 
in comparison with the first term and it is sufficiently accurate to assume 

lhat The rate of crystallisation is then proportional to the 

At Qd 

current density. 


Table 8 shows the data for some metals and semiconductors. It is 
assumed that L, and L, have such values that + p 2 L 2 = Pi ■ 

Peltier heat is absorbed or generated with no inertia at the very surface 
where the crystallisation or melting process takes place, and the Peltier 
heat input exceeds the Joule heat input up to current densities of several 
hundreds A/cm 1 . Therefore the current flow under these conditions 
governs the progress of crystallisation over the entire surface across 
which the current passes. 

For the removal of impurities and the production of very pure substances 
use is made of so-called zone melting, in which a furnace moved along a 
cylindrical specimen creates a narrow molten zone slowly progressing 

along the rod together with the furnace. 

The moving furnace can be replaced by passing current through the 
specimen; the current will continuously fuse the solid rod at one end and 
crystallise the melt at the same rate at the other end. 

The molten zone, without changing its width, will move under the 
effect of a current, of density /, at a velocity of 

— (-) 

V " 100 V */,. 100 A/cm 1 

as has been calculated previously. . , . . 

Without listing other possible applications of the Peltier heat for the 
crystallisation process it may be noted that the Peltier heat presents us 
with a new method for controlling the crystallisation process under con- 
stant temperature conditions. 

3.6 Examples of thermoelectric devices. There are still many remote 
inhabited places in the world where electrical energy is not available. As 
a rule, in such places, kerosene is used for providing light. A kerosene 
lamp provides a large amount of heat which may be utilised for producing 
enough electrical energy for operating a radio receiver or even a trans- 
mitter set. , . , 

Fig. 15 shows a photograph of a kerosene lamp manufactured in the 

USSR, over the glass of which is mounted a tube consisting of thermo- 
elements. The inside of the tube is heated by the hot combustion gases 
and the outside is cooled with the aid of a set of radiators. The tempera- 
ture difference created in this way amounts to 250-300°C; this gives a 
few watts of electrical energy for feeding a radio receiver set. 
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SEMICONDUCTOR THERMOELEMENTS 


More powerful generators with capacities of 200 and 500 W are « 
being manufactured. These generators use all types of fuels (lirewowl o 
petrol) and are intended for the far North. \ furnace generating 

consumes approximately 2 kg of firewood per hour. 

There is also an experimental thermoelectric battery in op 
generating 100 K, utilising solar energy. 



Fig. 17 

Cooling devices utilising thermoelements include a water-cooUtj 

domestic refrigerator .h.~a i” fig- 17. Th« total we.ght of sem.coaducto. 

materials used in it. cocliag .»«. i. aroaad 50 gm aad eaerg, com 
sumption is approximately 50 W. 





APPENDICES 


!• Summary D f principal formulae for calculating the thermoelectric 
properties of semiconductors in the presence of a degenerate electron gas. 
In the most general case, applicable to both a non-degenerate and a de- 
generate electron gas in semiconductors, the formulae for calculating 
thermoelectric properties can be written down in the following form, 
a. The case of scattering by constant frequency oscillations ( r- -1 ): 


a = i— [(1 + e ^ ) F 0 (ft*) - ft*]. 


\6rrm*e 1 l 0 

o = . x 

3A ’ 1 + ■ ■ 

VT [ 2 F, (p*) - (1 + e-f) FI (ft*)]. 


A = [ 2F, (ft*) - (1 + e~^*) FI (ft*)] (1 + e~F*), 




where ft* = ~ is the reduced chemical potential, / = - is the free path 

length, and F 0 (ft*) and F t (ft*) are Fermi integrals. 

The formula for the coefficient in the Wiedemann- Franz law yields the 
following limiting values: in the classical case A ■= 1; in the case of 

complete degeneracy A = — . 

3 

In the intermediate case of partial degeneracy A should be calculated 
from the general expression. 
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I. The general cnee contains all forme of scattering in addition to the 

I** t'liiitM drift! 


h \r + 2 F r+ , (ft*) I 

« *• I x p* , 

e|/ +1 F r (ft*) 


a ‘ ^ lo(T)(kTY + '( r+ \)F r ( r *), 


16 nm\(T)k 


P±(kT)~' Ls )F„M)- 

L (r+l) F r (ft*) J' 


where /> (p*) are Fermi integrals of the type F,(p*)« 

" "' C CUrrent Carrier concentration in the conduction band, and /-/ # <7V 

• » the free path length. 

I'he Wiedemann- Franz coefficient for the general case is given by the 

• <1 |'l r NNI on 

(r+3) F f+a (p*) ( r +2)» F^., (ft*) 1 

(r+1) F r (m*) (r+l) 1 " F r \ ,*) 

Lean be shown that A has the following limiting values: in the class!- 
," e A ~ r + 2; 10 the ca8e of complete degeneracy A = n 1 / 3. 

(..rmulaie ° f P “ rlial de « enerac y a8 e should be made of the general 

I'hus. using combinations of these expressions and the tables of Fermi 
» . hons listed in Appendix 2, it is possible to calculate theoretically 

o heir“com U b nl degenera , Cy : the Va,Ue8 of the thermoelectric quantities 
I. e.r combinations relation top* or the concentration n. 

. «... ; r: Bce ! Ahm ° f p>rmi func,i ° ns ^ f0 , «n t h. 

I ge STT r 8 , L ‘ he range “ 4 to 0 U t*i‘le this 

' ", non-degenerate case will give results 

' "' ,re ' Un ‘V" 0 '’ M*> 4 when the electron gas is highly 

.’generate use can lie made of formula, of the quantum theory of ,,i| 
when th. error, will not ......I | 2% * 
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In thin case, Fermi functiona can bn approximated by the following 
expression: 


0 c + 1 


7 n* (d}{\ 

— (kTYl—) 

360 \W 



-4 0.018 0.016 0.018 

-3 0.049 0.043 0.049 

-2 0.127 0.115 0.131 

-1 0.313 0.290 0.339 

0 0.693 0.678 0.823 

1 1.313 1.396 1.806 

2 2.127 2.502 3.513 

3 3.049 8.977 6.096 

4 4.018 5.771 9.627 



9.445 17.60 34.300 
18.870 31.90 75.730 


34.490 — 


154.800 


Data for the function F%^ 
polation. 


ve been obtained by 


Part 2 

THERMOELECTRIC COOLING 







INTRODUCTION 


In 1911 Altenkirch* developed the theory of thermoelectric cooling and 
derived thermodynamic expressions for the principal parameters of a 
ilirrmoelectric refrigerator. Altenkirch, basing hi9 considerations on the 
-sumption that metals, which followed the Wiedemann-Fran * law, were 
ilie best materials for thermoelements - an assumption which was <|uile 
natural at the beginning of this century - reached the incorrect conclusion 
that thermoelectric refrigerators were uneconomical and therefore could 
not find practical application. 

A. F. Ioffe** developed the theory of semiconductor thermoelement a in 
l'H9, and showed that, from an economical point of view, semiconductor 
■ rfrigerators could compete with modern refrigerating machines. A year 
later work was started at the Laboratory (now Institute) for Semicon.luc 
tors of the Academy of Sciences of the U.S.S.R. with the aim of checking 
iliis theory experimentally. The prototype domestic refrigerator constructed 
• n 1953 had a coefficient of performance of 20% when the temperature 
inside the refrigerator was 24°C below room temperature. 

I"h ermoelements have now been developed which can produce a tem- 
perature drop of more than 60°C, which opens the way for a number of 
practical applications of thermoelectric cooling. The Institute for Semi- 
conductors of the Academy of Sciences of the U.S.S.R. is working, in 
conjunction with Institutes representing various branches of industry, on 
the use of semiconductor thermoelements for cooling and thermostatic 
control of individual blocks of electronic equipment and special instru- 
ments. 

Our aim here is to outline the current state of the problem of thermo- 
electric cooling. 




A. F. Ioffe: “Energelicheskie osnovy termoelektricheskikh batarei iz 
polnprovodnikov” (Energetic principles of semiconductor thermoelectric batteries) 
published by the Academy of Sciences of the U.S.S.R., 1949 . 
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CHAPTER 1 


THEORY OF THERMOELECTRIC COOLING 

1.1 Thermodynamic theory. Thermoelectric generators are baaed on 
the use of the Seebeck effect. If the junctions in a circuit consisting of 
two different conductors are maintained at different temperatures 7 , and 
7„, an emf appears in the circuit 

e = («,-o 1 )(r l -r^, (i) 

where a, and a, are the thermal emf coefficients of the arms of the thermo- 
element with reference to some standard material. 

Thermoelectric cooling makes use of the reverse phenomenon, namely 
the Peltier effect. When an external source of emf is connected to such a 
circuit, heat is generated at one junction and absorbed at the other 
junction. The amount of heat generated or absorbed in one second is 

Q n - n i, (2) 

where / is the current and II is the Peltier coefficient, which is related 
to the thermal emf coefficient by the expression 

n - («, -o,)7, (3) 

where 7 is the temperature of the corresponding junction. 

There also exists a third thermoelectric phenomenon, the Thomson 
effect, the nature of which is as follows: when there is a temperature 
drop 7, - 7 0 along a conductor through which an electrical current is 
flowing, then, in addition to the Joule heat, Thomson heat is generated 
or absorbed within the conductor 

Q r = r(r, - r,)/. (4) 

where r is Thomson coefficient which is related to the thermal emf coeffi- 
cient by the expression 
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Ws shall first of alt aaauine that in the temperature range 7'. to 7, the 
thermal emf coefficient is constant and therefore r - 0. We ahall elan 
assume that the thermal conductivity and electrical conductivity of the 
arms of the thermoelement are constant. 

When the junction at which heat is generated is maintained at a t oo 
slant temperature 7,, then the other junction will cool down until the asm 
•if the heat transferred from the surroundings (Q 9 ) and the heat flowing 
along the arms of the thermoelement (Qf) becomes equal to the absorbed 
Peltier heat. The steady state condition is therefore 


C?[] m Q» + Qf • (6) 

I he heat flux Qj- reaching the cold junction along the arms of the 
thermoelement consists of two parts: 

1) the heat transferred by thermal conduction 


Q t -K(T'-T t ), ( 7 ) 

where K is the thermal conductance of the thermoelement arms; and 

2) half of the Joule heat generated within the arms of the themmels 

ment 

Qj - <B) 

(It can be readily shown that, irrespective of the value of the tempera 
lu-.e gradient, the Joule heat is equally divided between the hot and cold 
junctions.) Therefore equation (6) can be written down in the form 

<?. « w -l PR -K(T„- r,), (9) 

or 



( 10 ) 


It follows from expression (10) that, under otherwise equal conditions, 
the temperature difference 7 0 ~ 7, across the thermoelement is a maximum 
when the cold junction is perfectly insulated thermally (()„ « 0); when, on 
the other hand, the cold junction is in thermal contact with an object 
which is to be cooled (e.g. the internal chamber of a refrigerator cabinet 
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or some other apparatus), the temperature drop will he smaller. In both 
cases the thermoelement operates as a refrigerating machine with the 
electron gas playing the part of the cooling agent. 

The principal parameter characterising a refrigerating machine is the 
coefficient of performance 



where Q t is the heat removed in unit time from the cooled object and If is 
the power consumption. 

In the case of thermoelectric cooling, the power consumption consists 
of two parts IF j and It* 

IF = I Fy + r, A . (12) 

IFy denotes the power generated in the arms of the thermoelement, i.e. 

Wj = / J R, (12a) 

and W th the power required for overcoming the thermal emf, i.e. 

V th = El = (a,-a,)(7’.-7\)/. (12b > 

Therefore, 

r - /[(a, -«,)«•.- r,) + /Jtl (i3) 


and according to (9), (11), and (13) 

(a.-a,)/?,- IPR-KIT.-TJ 
( T / [ (a, - a,) (T 0 “ 7\) + /R ] 


(14)* 


It will be seen from expressions (10) and (14) that both the temperature 
difference across the thermocouple and the coefficient of performance 

d(T 0 -7\) .* 

and — - 

dl dl 

to zero we can find the optimum values of the current and the correspon- 
ding maximum values of the temperature difference and the coefficient of 
performance. Straightforward calculations yield the following results: 

1) the temperature difference AT - 7 0 - 7*. reaches its maximum value 
AT at a current 

max 


depend on the current /. By equating the derivatives 


See equation (14a) on p. 115. 
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(«, - «,) r, 


Whan, in addition, Q, - 0 


(«. - a,)* r; 1 _ 

x — - - *T\ . 

RK 2 2 


(a, - a,) 1 


2) the coefficient of performance t reaches its maximum value for a 
current of 






and for a potential difference over the thermoelement of 
v, « /,R + (a, - a,) (T, - T,), 


whence 


(a.-^fr.-r.iyi + ±*(r,+ r.) 
J\ + |*(r.*T,)-i 


r * V 1 + 2* (r * * Tl) ~T, 

'• ~ I — • (19) 

(T 0 -T,) yi + i*(r. ♦ r,) + i 

For the sake of simplicity we shall assume initially that both arms of 
the thermoelement possess equal thermal conductivities ( k , «((, ■ k), 
equal electrical conductivities (o, =o, =o), and equal, but opposite, thermal 
emf coefficients (|a,| » |a,| « a). We shall also assume that the cross- 


See equation (19a) on p. 115. 
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section areas of the elements S, and .S', and their lengths l, and /, are 
equal: S, * S, “ S; f, “ /, “ l. 

Under these conditions, assuming for the moment that a, a, and k nre 
independent of temperature, we have 



(20) 


Expressions (16) and (19) show that, under prescribed operating con- 
ditions (T 0 and 7\), the coefficient of performance and the maximum tem- 
perature drop depend only on the value of z, which describes the quality 
of the thermoelement; with increasing z the coefficient of performance 
tends towards its upper limit: 



i.e. to the coefficient of performance of an ideal thermodynamic machine. 

We should, therefore, investigate the conditions under which z reaches 
its maximum value. 

1.2 Conditions for maximum efficiency of the thermoelements. Ihe 
properties of the substance which enter into the expression for z (the 
thermal emf coefficient a, the electrical conductivity a, and the thermal 
conductivity k) are not independent of each other; they are all functions 
of the concentration of free electrons (or holes) n. This relationship 
is shown qualitatively in fig. 1. The electrical conductivity o is roughly 



Insulators Semiconductors 1 Metals 

Fig. 1 
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I* opart I on a I In lltn terrier concanlratinii a, The ihannal emf t», on ihe 
nlher hnnd, tends In *ero with an increase nf ihe number of curriers, anil 
Increases indefinitely ns the carrier concentration decreases. 

Ihe thermal conductivity a is the sum of a lattice thermal rnnduelivily 
» t>lk and an electronic thermal conductivity « a j: 

KmK pk* K zl> 

In a first approximation K pk is independent of a, whilat is proportional 
la a. 

It is seen from fig. 1 that the numerator of the expression for t linn a 
minimum at carrier concentrations of the order of 10 1 ’ cm' 1 , l.e. appro*! 
'"stely 1000 times smaller than the free electron concentration in metals, 
Ihe part played by the electronic thermal conductivity is then relatively 
•mall in comparison with the lattice thermal conductivity and, therefore, 
Ihe maximum of the expression for z is only very slightly shifted from the 
maximum of a 2 o towards lower electron concentrations. The value of * for 
innulntors is small owing to their negligible electrical conductivity, and 
lor metals and alloys owing to their very low thermal emf coefficient. 

These qualitative considerations explain the reason why the efficiency 
>il metallic thermocouples is very low and why, consequently, thermoalec 
Irlc generators and refrigerators have not yet found wide technical appli- 
cations. By using semiconducting substances as materials for the hrnnchaa 
••I the thermoelements and by a suitable selection of their carrier cancan 
• ration it is possible to increase the efficiency of thermoelements by tana 
of times. 

In order to formulate these qualitative considerations quantitatively 
we ought to use expressions for the thermal emf coefficient, electrical 
conductivity, and thermal conductivity derived from the quantum theory. 

We are giving below the most general expressions for the thermal emf 
coefficient a, the electrical conductivity a, the thermal conductivity a, 
und the free carrier concentration n which are valid both for semiconduc- 
tors and metals*. All these quantities are expressed as functions of the 
reduced chemical potential /i*: 



where p is chemical potential, and k the Boltzmann constant. There is no 
need for deriving the relevant expressions here; the reader will find them 


* A. C. Samoilovich and L. L. Korenblit, Usp. Fiz. Nauk, 57, No. 4, 578, 1955. 
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in several textbooks, monographs, anti articles We reproduce these formu- 
lae in their exact form: 


Jfcfr + 2 F r + , (p*) 1 

a = + - x 

e |_r + 1 F r ( p *) J 


\r,(2jnkTV 2 r 

n = F,. (p*), 

A* 


\6n m l a (T) e 2 


(kT) r + t F r (/**), 


16, TmUT)UcTY 


T + a T (r + 2 )* F*+ , (p*)*l 

(r + 3) F r + ,(p*) • 

(r + 1) F, (ft*) J 


We use here the following notation: 

1) / is the electron free path length, which depends on the energy t of 
the electron and the temperature; in the general case this dependence 
has the form 

l = l 0 (T)<?, (28) 

where r is an exponent which depends on the electron scattering mecha- 
nism (for atomic lattices r = 0; for ionic lattices below the Debye tem- 
perature r = 54 and above the Debye temperature r = 1; for scattering by 
impurity ions r = 2); 

2) F, (p*), F, (p*), etc. are Fermi integrals: 

n 

F r (p*) = Jx'fdx, (29) 

0 

where x - — is the reduced kinetic energy, and f is the Fermi distribu- 

kT 

tion function 


( 30 ) 
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I arml Integrals or* available III tabulated form* and ilia pmhlam uf 
lltidlng p 4 cnrraaponding In lha minimum valua of « ran lie anlvatl niimarl 
■ h|Iv Hiore nxlata, however, anolhar much more convenient method of 
solving lli in problem. 

If It la assumed that the optimum p* lies within the range of carrier 
mini entrationa for which clnaaical atntiatica are alill valid (I. a. p* < 2), 

IImoi the expressions for the electricnl conductivity, thermal conductivity, 
■oid thermal emf coefficient ore considerably simplified. In lliia case p* 

" "■ Ml,< l * e i cm> he explicitly expressed as functions of carrier cancan 
notion n : 


p* - -In 


2(2 nmkT)^‘ 


i - (r + 2 - p*) 
e 


*r 

t — I r + 2 ♦ In 


2 (2 rrmhT ) * 


K el - (r + 2) 






If the condition — « 0 in fact gives p* < -2, then this assumption will lie 
«ii baton tinted. 

When the above approximate formulae are substituted in the expression 
dz 

In *, then the condition — = 0 gives a transcendental equation for deter 

"lining the optimum carrier concentration; this equation con be solved 
empirically or by the method of successive approximations. 

Ilefore solving it we shall make one further simplification by assuming 
•hat, at the optimum carrier concentration, the electronic thermal conduc 
Itvlty is small as compared with the lattice thermal conductivity (which, 
lo general, follows from the graphical solution). If this assumption is 
■ nrrect then it is permissible as a first approximation to regard the thermal 
conductivity as independent of the carrier concentration and seek the 
"iimimum of the numerator in the expression for z and, then, to introduce 
corrections by the method of successive approximations. 


• O. Mail eliing, /• I /V nl si /•*•■■ A , Oa, Non. 7-H, 667, 1054. 
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In this form the solution of the problem is extremely simple From (32) 
and (33) 


, /k\ 2 2(2nmkT' /x 

a'o = (- r + 2 + In 

W L A*» J 


The condition 


yields two solutions. Cne, 


2(2rr mkT^ 1 

r + 2 + In = 0, 

A’ 

corresponds to the minimum value of a 2 o, and the other is 

„ , 2(2nmkT) l/i 

r + 2 + In = 2, 

h'n 


2(2nmkT) 

In r, 

A*n 


H* = r. 


Hence the optimum thermal emf is 


a 0 = 2— = 172 pV/deg , 
e 


the optimum concentration. 


2(2ffmA-n V 


and the maximum value of z , 


i m ► ii ii y it ► i it » it m 1 1 1 i H mu mmu.inu 


* - I 2 x 10 


" " ("' •rf'- 

*ph \ m • “•/ 


where m 0 in the free electron mass and T 9 in room temperature, equal to 
P" C'K (Ilte subscript zero refers, here and further on, to values of a, a, 
and a corresponding to llie maximum value of 0 * 9 .) Re shall now introduce 
I infections taking account of the dependence of the total thermal conduc- 
llvllv (expression (22)) on the currier concentration. 

According to expressions (32), (33), (34), and (22) 

z = qIg « _*!iL x (A ~ ln n)1 " ( , H) 

*pk * K el e %h 1 + fln ’ 


A = r + 2 + In 


2(2 nmkTV 


(r + 2) [ — ) Tue 


\s has been mentioned earlier, the condition — = 0 yields a transcen- 
ds 

lental equation for determining the optimum value of n, which will be 

denoted by a, : 

In n, - lnn 0 - 2 Rn t , (41) 


'■('•Hr) 


ince, even for n = n 0 , Rn g is usually less than unity, we are 

K ph 

entitled to expand the left hand side of expression (41a) into a series 
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and confine ourselves to the first term in the expansion (the error in 
doing this will not exceed a few percent); hence 


n, - n 0 


-2 Bn, 


1 1 + 2 Bn 0 

Equation (41) can be solved exactly by a graphical method. For thin 
purpose it is most convenient to rewrite it, using equation (32), in the 
following form 


a, = a, + 2- x = 172(1 + Bn, ). 
e K P h 


By plotting a from equation (32) and the right hand side of expression 
(43) as functions of n, we can find n, as the abscissa of the point of 
intersection of these curves. 

Obviously, the correction will be the greater, the higher the ratio of 
mobility to lattice thermal conductivity. 

All the foregoing calculations are based on tbe approximate expres- 
sions (32) and (33) which are valid only for a non-degenerate electron 
gas. We shall not consider in detail the corrections on taking degeneracy 
into account, since, as we have already mentioned, a solution cannot 
,be obtained in this case in a simplified general form. 

All the calculations were also carried out by Bok* using the exact 
expressions (24), (26), and (27). It was found that the optimum value of 
the thermal emf varied within the range from 150 to 400pV/deg, depending 
on the mechanism of carrier scattering, i.e. the exponent r in the expres- 
sion for the free path length (28), and the ratio of electron mobility to 
lattice thermal conductivity. 

Such great deviations from expression (36) should not cause any 
surprise. In fact, according to (35d) the approximate theory yields for 
the optimum conditions p*=r, i.e. p=0 for an atomic lattice, ft* = +H 
for an ionic lattice at temperatures below the Debye temperature and 
p*=+l at temperatures above the Debye temperature. For scattering by 
impurity ions p* = +2. 

Therefore the optimum value of ft* is found to be, in all cases, outside 
the limits of applicability of classical statistics (ft* > -2) on which the 

• B. 1. Bok, Unpublished Report, lnstitnte for Semiconductors of the U.S.S.H 
Academy of Sciences. 
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I'ttagolng «|>pro« I mate theory U hassil I hi* unfortunate situation is alia 
vlaletl by the following two rlreumslannssi 

I) expression (32) for the thermal emf derived by I’ianrenko (or a non 
•Ugsnsrats electron gna (ft* < - 2) givea reasonably accurate values of the 
thermal emf even in the case of relatively high degeneracy, ea has been 
deiminairated by Kontorovn*; thia ia because the deviations of numerical 
mines of the first term in the expression (24) for the thermal emf, 

r + 2 F, + l (p*) 
r + 1 * F,(p*) ’ 

and the second term, ft*, from the approximate values. 


an«l 


'♦2 ,, F r+ ,(ft*) 

riT F r (p*) 


r ■¥ 2 



lend to compensate each other; 

2) in the vicinity of the maximum, the figure of merit of the thermo 
element * is a quadratic function of n - n t ; therefore, an hna been aliown 
hr calculations, deviations of 50% from the optimum concentration n ( 
induce the value of z by only 6%. 

( onsequently, conditions (36) and (37) for a 0 and n, are not critical 
and the foregoing expressions are sufficiently accurate for qualitative 

lyais, and in the majority of cases also for quantitative calculations; 

subsequent considerations will therefore be based on these equations 

According to expression (37a) the figure of merit of the thermoelement 
Is proportional. to the ratio of carrier mobility to lattice thermal conduc 
llvlty. From expression (37) we find that z has a maximum ut n certain 
> srrier concentration. 

The foregoing analysis implies, therefore, that the development of 
materials for the arms of the thermoelement can be reduced to the solution 
»f two basic problems: 

1) finding materials with maximum ratios of current carrier mobility 
in lattice thermal conductivity and methods of obtaining a further increase 
uf this ratio; 

2) creating in these materials carrier concentrations satisfying con- 
dition (37). 


T. A. Konioravs. /As# f»*A Ut , 14. No. 7. mi. 1954, 
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From expression (37s) one might also mm lud* (hat the figure of merit 
of the thermoelement increa.ee with increasing effective me... exponent 
r in the expression for the electron free path length, and temperature. 
Such a conclusion would, however, be premature. The reason is that the 
carrier mobility u entering into expression (37a) also depends to a large 
extent on these three factors. 

The theoretical dependence of mobility on temperature and effective 
mass has the following form: 

a) for atomic lattices 

u = a,m' Vl r _,/l ; (44) 

b) for ionic lattices at temperatures below the Debye temperature 


a,m /j e , 


and at temperatures above Debye temperature 

-»/ -«/ 
u = a, m '*• 


c) for scattering by impurity ions 


u = a,mT' 


Comparison of expression (37a) with (44), (45), (46), and (47) demonstrates 
that for atomic lattices z is inversely proportional to effective mass, for 
ionic lattices it is independent of effective mass, and for scattering by 
impurity ions z increases with increasing effective mass; 

d) finally, in recent times a wide class of substances has been 
investigated, the binding in which has an intermediate character between 
atomic, ionic, and metallic; the temperature dependence of the mobility 
for these substances is given by the formula 

u = o, r*. W (48) 

(the dependence of mobility on effective mass for this classof substances 
has not yet been established). It has not yet been found to be theoretically 
possible to estimate the value of the constant o which enters the expres- 
sion for the mobility; it can only be stated that mobility in atomic lattices 
is tens and even hundreds of times higher than in purely ionic lattices; 
therefore substances with an ionic lattice are not good materials for 
thermoelements and we shall not consider them any further. 
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IOU 

Cun.ldaralde sxpsrlmsn.al mat.,!*!, MlUi.d and eyatems.lsad by 
. ,U n*«bl||»y la highest |„ substances In which .1,1 

7' U " f "" character between atomic and metallic 

' I* Include several Intermetallic I. and 

nrr — J U "‘ ,er(dU - (crisis for 

!^l:T Ctiaa in ‘° ""r lBl,i , Ce ° f impurily ion "' whkh addl- 

weve ‘ " R Cen ‘ rCB L e, T° M ’ Hlway - "*«- -nobility. 

u O to 9 8an,C T \ ValUe ° f thc eXp ° nen ‘ ' !»"«««- (e g. 
; ^ ] " “ “ t0m,C latl,ce) «" d ^refore according to equation ( 3 £) 

! o 90 ,nCre r eS - ThCref ° re - ““ ‘"Eduction of a measured 

of ""Punties may bring about an increase in a'o in spite of the 

"Men dan t drop ,n mobility. Preliminary experiments in this direction have 
""I so far yielded positive results. 

I In order to derive the temperature dependence of r from expression 
we must take into account the temperature dependence of the 
- mal conductivity. Leaving aside the case of temperatures below the 

f „ e Zr h Ur8, ,h WhiCh , haV 7°‘ yCt fOU " d a " y “Pplication" 

that the thermal conductivity K ph is inversely proportional to 
tamperature in the case of scattering of phonons by phonons (ideal 1st- 
"" »" d - '"dependent of temperature in the case of scattering If 

!*T by latt,Ce defects - B °‘ b d-ese laws have been confirmed by 

E D - p v - <*•*■« * r. 

TABLE 1 



Scattering by impurity ions 
u « T /j 


Atomic lattice 
u <* T ' 2 

Substances belonging to 
group (d) (see p. 108) 
no , r‘ 


Ideal lattice 

» r l ) 

z * T* 

z « T 


Imperfect lattice 
(*ph ~ const) 


r « r* 


z = const 


V. P. Zhur.e, 7.hur. Tekh. Fiz., 25. No. 12, 2079, 1955. 
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Thus the temperature dependence of i may hava ilia forma ahown in 
table 1. 

In substances belonging to group (d) z rises with decreasing tempera- 
ture; this class of substances is therefore the most suitable for very low 
temperature cooling. 

As follows from expression (37), the optimum concentration of elec 
trons at which z reaches its maximum value is a function of temperature: 


Therefore carrier concentration should be made to correspond to the 
working temperature range. From this point of view the most suitable 
material for thermoelements would be such a substance in which n would 
depend on temperature according to the law (37), as a result of which the 
thermal emf coefficient would retain its optimum value (a = 172 pV/deg) 
over a wide temperature range. Such substances, however, do not exiel 
in nature. 

In addition to conventional semiconducting materials, in which the 
earner concentration is an exponential function of temperature, several 
other substances have recently been investigated in which the carrier 
concentration remains constant over a wide temperature range.* Thee* 
substances may serve as materials for semiconductor thermoelements 
since they satisfy conditions (36) and (37) better than conventional semi 
conductors. Conditions (36) and (37) can be exactly satisfied over a wida 
temperature range by making the arm of the thermoelement from a range 
of materials or from a single material with a varying impurity concentra- 
tion. 

In order to attain the maximum of z = o 2 o/k we ought to satisfy con 
ditions at which the lattice thermal conductivity of the substance is « 
minimum. As yet there is no exact theory of thermal conductivity or sufft 
cient experimental data to permits straightforward answer to this problem 
A. F. Ioffe’s qualitative theory leads, however, to the following conclu 
sions: 


* In these substances the activation energy of impurity centres decreases 
steeply with increase of their concentration and becomes equal to zero at N m 10** 
to 10** cm . Consequently all impurity centres become ionised even in the virl 
nity of the absolute zero and the carrier concentration n remains constant (a * AO 
up to temperatures at which intrinsic conductivity appears. The theory of aiirh 
substances, known as semi-metals, was developed by K. S. Shifrin (see A. I. 

Samoilovich and L. L. Korenblit, Usp. Fit. Nauk. 57, No. 4, 578, 1955). 
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I) According lo aaparlmanlitl data the llicnmil conductivity of an ideal 
< lyatullinr luttice al leni|ieralurea above Debye temperuture is propor- 
tional to I ', i.e. to the sensible beat of the crystal. It may therefore be 
Interred that the thermal conductivity of various substances at a given 
1 1 niperature is also governed by the sensible heat, and consequently 
!• ' reuses with decreasing Debye temperature. 



"•here M is the mass of atoms or ions forming the lattice and f is the 

• I untie binding coefficient. Therefore, the thermal conductivity would be 

• ipected to be minimum in crystals, consisting of heavy atoms or ions, 
with a low Young’s modulus. 

’> The finite free path length of phonons is a consequence of the 
Miilmrmonicity of the atomic and ionic vibrations; the larger the amplitude 
..I vibration the greater is the degree of anharmonicity. Furthermore, for a 
given sensible heat, the lattice thermal conductivity decreases with 
iin reusing anharmonicity factor in the expression for the elastic deforma- 

• °f ^e lattice. From the macroscopic viewpoint, anharmonicity mani- 
Ii nIm itself in thermal expansion of the lattice. Therefore, the minimum 
lb i-rmal conductivity can be expected to occur in crystals with a large 
thermal expansion coefficient. 

-1) In non-degenerate semiconductors, the wavelength of electronic 
"lives, at room temperature, A e j,is tens of times larger than the inter- 
atomic distance (A e ^ = 10‘* cm), whereas most of the normal lattice 
vibrations occur at a wavelength A pA , which is of the order of the lattice 
' ‘instant (A pA 10'* cm). This difference between \ e { and A pA makes it 
i "»ible to create non-homogeneities in the crystal lattice which are 

• ((active in scattering phonons but which virtually do not scatter electron 
nves, i.e. do not reduce the carrier mobility. Such non-homogeneities 
sii, in particular, be produced by the introduction into the lattice of 

n*ulral impurity atoms or by the formation of solid solutions based on 
ihi’mical compounds crystallising in similar lattices. 

1.3 Taking account of the Thomson heat in the energy balance of the 
ilirrmoelement. It follows from equations (36) and (37) that the best 
materials for thermoelements are those in which the thermal emf coeffi- 

• lent is constant: 

k 

ft • 2— B 

0 


172 /iV/ deg. 
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whilst the carrier density varies according to the low 

n = A t\ 

In the theory presented in the preceding paragraph we have considered 
the ideal conditions at which 



As has been mentioned earlier, the materials actually used for the 
arms of thermoelements are usually semi-metals, i.e. substances in which 
the earner concentration is constant and the thermal emf, according to 
equation (32), rises with rising temperature. In this case the Thomson 
coefficient is different from zero, and according to equations (5) and (32) 
can be written in the form 

r = - x - = 129 gV/ deg. (50) 

2 e 

We should now take into account the effect of the Thomson heat on 
the heat balance of the thermoelement. This effect will manifest itself 
primarily in a redistribution of temperature along the arms of the thermo- 
element. Until now we have assumed that the temperature gradient along 
the arms of the thermoelement is constant and, therefore, that the density 
of the heat flux towards the cold junction of the thermoelement can be 
expressed by the formula 

T - T 

Qk - * . ( 51 ) 

Tlie effectof Joule heat on the temperature distribution has been taken 
into account approximately by assuming that half of it proceeds towards 
the hot junction of the thermoelement and half towards the cold junction. 

In order to solve this problem more rigorously, it is necessary to find 
the temperature distribution along the arms of the thermoelement, taking 
into account both the Joule and Thomson heats, and then find the density 
of the heat flux from the exact expression 

Q h m —k\T. ( 52 ) 

Let the x axis be directed along the arms of the thermoelement and lei 
the origin coincide with the cold junction of the thermoelement; equntinn 
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(ft'J) will now Inks on the following form 

*• -EL t " ,) 

III order to calculate from equation (52a), we mu»l know the tem- 
|i»rature distribution along the arms of the thermoelement 

T - /(*). 

\m before, we shall neglect the temperature dependencr of the thermal 

lurtivity and the electrical conductivity, und replace ihe true values 

of these parameters as functions of temperature by avern|* values in the 
••oiiing temperature range. In a thermoelectric generator, both electrons 
and holes move from the hot junction towards the cold junction; in uddition 
lo the Joule heat, Uiomson heat is also generated in the attire volume of 
Ihe thermoelement arms. In a thermoelectric refrigerator tli< electrons and 
holes move in the opposite direction and therefore the Hiemson heal has 
In he deducted from the Joule heat. Consequently, the slealy-stnte Condi- 
tion (or a unit volume of a thermoelement arm will in tkie case have the 
farm 

d l T dT 

K 77 ~ T ’d» + " °* (R8) 

Ihe solution of the differential equation (58), taking account of boundary 
■ "oditions (T « T, at x = 0, and T « T t at m - f), has the form 



>»li »re the following notation is used: j*p « and jr « u r Hence we find 
(••on (52a) and (54) that the heat flux towards the cold junction is 



114 


I II III MU | | H I till I mil INI. 


Expanding thr exponent In equation (IlfV) Inin .* nerlne .mil ralslnlng 
the first two ternm, we olitnin 

Vh - * - * \i'pi - y/<r.- r,>. (?1A) 

We have thus shown that, to a first approximation, half of the Joule 
heat in fact proceeds to the cold junction; we can now use equation (Sfi) 
to calculate the effect of Fhomson heat on the coefficient of per form an . «• 
of the thermoelement (. [expression (9) for the cooling capacity of the 
thermoelement, after taking account of expression (56), takes the form 

= 11/ - KiTo-T,) - '-l*R + r(T t - T t ) I , (57) 

where II = 2a, / , , and a, is the value of the thermal emf coefficient at the 
temperature T t . We can therefore rewrite expression (57) as follows; 


Q 0 = 2a T, - K(T 0 - T,) - -1'R, 


1 To ~ f, 

a = «■ + 2 r — — ‘ (59) 

We shall now prove that 5 is in fact equal to the mean value of the 
thermal emf coefficient in the temperature range T 0 - T t . According to 
(32), we have for semi-metals (i.e. when n = const) 


3 k T 0 T 0 To~T. 

' 2; u 5\‘ 7; — 

whence 


“o - a. _, 
r «= r, . 

To'T, 


Substituting (60) into (59) we obtain 


- 1 , V “l + “0 

a = a, + -(a 0 - a,) = - — -1 

^ 2 


(60) 
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With the same degree of accuracy we can write for the emf 


E - / adT - a(T,-T,). (61) 

T, 

I eking account of expressions (50a) and (61), expression (14) for the 
• "efficient of performance becomes 


2 a/7\ " -/*« - K(T a -T t ) 

I [2a (To - r,) + IR ] ' (14a) 

Expression (14a) has the same form as (14). the only difference being 
that the thermal emf coefficient a, which has been regarded previously as 
...dependent of temperature, is now replaced by its mean value in the 
work, ng temperature range. Therefore, without repeating the steps described 
m the previous paragraph, we are justified in expressing the maximum 
coefficient of performance in the form 

T, 7 

fa ~ - X — 1 


r 0 -r, 


,l ♦ -(r. + 7-,)! + 1 


, - _ a o a 

' ere Z ~ K ~ xp' “ can a ^ 80 8 * >own that the temperature dependence 

of the electrical conductivity and the thermal conductivity can be, to a 
irst approximation, taken into account by replacing the product up in the 
value for * by its mean value in the working temperature range. Thus, 

a 1 

K P 


*0 

where ^ - __1_ f ^ J T _ 


1.4 Multistage batteries. The maximum temperature drop which a 
thermoelement can provide is 


( To ~ TJ max = . or T, 


TT 2^7- 1 


1 16 
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The tcmperuturc cnn be reduced ollll (iifllier by using multistage 
cooling. It is obvious, however, that it is not possible to attain llie mini 
mum temperature given by expression (62) which i iirresponda to * 
and at the same time reduce the temperature still further using nnothei 
stage, since the second 9tage will generate heat, which the first one will 
have to absorb. For the best utilisation of all stages of a multistage 
battery intended for the attainment of the lowest temperatures, the batteries 
should consist of stages of steeply decreasing power. With the aid of a 
multistage battery, it is also possible to achieve another result, namely 
to increase the coefficient of performance when the required temperature 
drop is close to the maximum attainable for the given z. 

The coefficient of performance of a multistage battery is calculated 
as follows. 

Let Q , be the refrigerating capacity of the battery stage which is in 
direct contact with the cooled object, <, its coefficient of performance, 
and W, its power consumption. The respective values for the preceding 
stage will be denoted by Q,, f, and IT,, etc. From equation (11), !?, = (),/ 
therefore 

& = + c. = Qi ^ + 




But Q n + , is composed of two parts, namely the power consumed by 
the entire battery W and Q, : 


ft 


where < is the coefficient of performance of the whole battery. Comparison 
of expressions (63) and (64) yields an expression for the coefficient of 
performance of a multistage battery: 


i=n , . 
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Fig. 2 


Let us consider an example. When z - 2 x 10"’ and AT = 50°, then for 
a single stage r * 0.1 (10%). With two stages A T t = AT, = 25°, <, = <,*0.8, 
and the coefficient of performance of the whole battery is < = 0.25. 
Similarly, with three stages we obtain < = 0.275. This shows that the use 
of a three stage battery in this case ib useless. Let us assume that for 
f « 2 x 10‘* we wish to reduce the temperature by 25° in two stages of 
12.5°. The coefficient of performance for each stage would be <, = 2 and 
for both stages together < = 0.8, i.e. the same as for a single stage. 

Fig. 2 shows the dependence of the coefficient of performance < on 
temperature difference and z for a single stage and a two-stage thermo- 
battery for T e = 293°K 
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1.5 I’rlnclplen of calculations for ikrriMor Imlrlc l.allrrlrs 
Selection of the ratio of the crota-eeetion at eat of the thermoelement 
arms. Until now we have assumed that the nrma of the thermoelomrnl 
consist of substances with equal electrical and thermal conductivity and 
equal, but opposite, thermal emf coefficients. In practice these conditions 
are not as a rule realised; even when it is possible to attain the samr 
thermal emf coefficient for both arms of the thermoelement |a| « 172pV/de»t, 
the electrical conductivity of the arms differs owing to the different 
mobilities of holes and electrons. The lattice thermal conductivity is 
also usually different, with the exception of the case when both arms are 
made of the same substance and the change of the sign of the thermal emf 
coefficient is achieved as a result of introduction of various impurities 
We should therefore consider now the general case of a thermoelement 
consisting of arms with different thermoelectric parameters, and find the 
conditions under which the efficiency of the thermoelement will be a 
maximum. Anticipating proofs which are given later, we shall state that 
when the thermal conductivity and electrical conductivity of the positive 
and negative semiconductors (k, , k, , and o lt o t ), which constitute the 
thermoelement, differ, the cross-section areas of the arms of the thermo- 
element should also differ. 

According to equation (16a) z is in this case equal to 



where 5, and S, are the cross-section areas of the branches of the thermo- 
element, l is their length, which will be assumed to be equal for both 
arms; and p, and p, the electrical resistivities of the materials. When the 
terms in the first bracket in the denominator of expression (67) are 
divided by S, and in the second bracket multiplied by S, , this expression 
becomes more symmetrical in form, viz, 
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l"Hi llim of m and we can find ap . , and lharafura alan * , from ilia 

•fSp 

• ondllion — - - 0 1 
<hn 

<£p «iP. 

4 -T- - «iPi - — r " 0 


- .balituting this value of m 0 into expression (68) we obtain 

4i ^m.n = ( V*.Pi + V^.>\ 


/■ y. 

\V*iPi + V*jPi / 


The following problem is of interest. 

I cl 


te shall find by how much z max calculated from expression (68a) in 
smaller than z, , (i.e. by how much the properties of the thermoelement 
«« « whole are inferior to the properties of the better of the two branches). 

I,et VZ| = = l *’^ x max = l m ' V^iPi = ! and ^^Pi = 

Then 

*i + k t 

1 + *T 

The lower the resistivity of the given material the lower is the value 

of k = \/k p characteristic of this material; at the limit this value tends to 
llie Wiedemann-Franz constant. In order to prevent a large reduction of 
, max’ carrier concentration should therefore be so selected that 

P. » Pi • 
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lor tn c culculiition ore: 

1) the parameters of the thermoelement an... «„ „„ 



ture^ T C P , re ! Cribe . d °P erat r in « Conditi °“ 9: «ld and hot junction tempera 
tures T l and T 0 , and the refngerating capacity (J 0 ; 

3) voltage of the power supply source V; 

of 2/r dC9i r COn8iderati , 0 " 9 » “I«o necessary to select the length 

IS thc 7° ale "’ ent 7™ t (or, what amounts to the same thing, the 
thickness of the battery). R 

It can be readily shown that the surface area of the thermobattery for 
a given refngerating capacity is proportional to l, whilst its volume is 
proportional to / ; therefore ,n order to reduce the consumption of materials 
* weight of the thermobattery it is necessary to make l small. This 
however, complicates the removal of heat from the hot junctions. In each 
specific case ,t ,s therefore necessary to select a certain optimum arm 

Calculation steps: 

(18) „ d (!,).„ „„ d to the v>|TC> 

l~. T/V P " 1 "'" d L "“"V » ■ QJ-.. »<l the ope,.,),,. careen! 

2) the number of thermoelements is now calculated 

N V 

z. • <™>> 

"17 h ° m (17 > “ d <“> of each them,,. 

3) moreover, we have 

R - l( P -± Pt \ 1 / 

\S, sj ' S, (p> (70b) 

Knowing R, l, p„ Plt and m #f we find from equation (70b) 5, and S 2 = S -1 
itsrlfZra e ti readily "•°7 ^ ^ ^ C0n9um P' i °" of the battery Tnd 

sourcJ 11 C T C,t r T 7 e " d °" ** V ° ha * e ° f thc supply 

’ ** nUmber ° f C0U P le9 N - surface area of the thermobatter^ 
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I ; ust ... 2 LZlZZl 

a r«l,'eZ"f ,h.” , ,.L7“ l T""“‘ 1 ’'' ”" Ck 17 ■ . -.'.'I' ... 

lta|t,w a certain III). I ! ” " cannot ha ra.laea.l 

..... ...a 1 LTIi *„ . ’ h , 7"; .»•»••» *> * 

it 

y are laKen into account the resistanr#. »U- .1 » 

f Is expressed by the following formula: H thermoelement 

R = 2r + 2p i = 2 - + 0 \ 2/ /r 0 \ 

5 ~ S \7 + • (71) 

.•?'r d Ti.':"af d trr’\* ,h ' "" 

...alacl between the ^a can be" ach'iewj'bv welS'" 

sr.tiV- zr « - — 



f/./. 7 nbc decrea - d - 

„ r / » T * he fo,low * n K analogous condition should obtain: l\ ~ k • 
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To eliminate the temperature drop In ihr radiator* proper, the lallei 
should have a large well-finned contact surface area with the surrounding 
medium. Heat transfer from the thennohnttery to the outer surfaces of the 
radiators is achieved with the aid of good thermal conductors such u* 
copper or aluminium, or even more effectively by a stream of liquid or 
vapour distilled in vacuo from the hot to the cold surface. 

Apart from its power conversion aspects, the thermobattery should 
also satisfy specific mechanical requirements. 

The temperature difference, which is unavoidable in all thermoeleclri. 
devices, produces a bending moment. For a coefficient of thermal expan- 
sion equal to approximately 2xl0" 5 and a temperature difference of 50 (., 
the linear dimensions of the hot junction are larger than those of the cold 
junction by 10'* times the width of the battery. A battery with a 10 cm 
long side expands by 0.1 mm, so that when the thickness of the battery 
is 1 cm, the resulting bending has a radius of curvature equal to 10 m. 1 <• 
prevent cracking it is necessary to make the batteries somewhat elastic, 

The effect of departures from optimum conditions. We have determined 
the ratio of the cross-section areas of arms of the thermoelement (m,) for 
which z has the maximum value; earlier we have also found the optimum 
carrier concentration n„ (equation (37)), electrical conductivity o„ (equn 
tion (33)), and optimum voltage drop across the thermoelement (equation 

US)). 

In practice, owing to uncontrollable variations in the technological 
processes, the specimens from which the battery is constructed havs 
varying thermoelectric parameters a, a, and k. In general, the scatter of 
these parameters is within the limits of 10%. It is therefore important to 
find out how departures from the optimum conditions affect the properties 
of the battery. 

Departures from the optimum ratio of cross-section areas of the arms , 
Expanding Kp as a Taylor series in powers of m close to m 0 , and remem- 


bering that 


/ dxp\ 

\ dm / 


we find 


“P “ 


1 / d 2 Kp \ 

2WL 


-rom equation 


d**P _ 2«i P. 
dm 2 m 2 
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n*lng equation* (72) and (73) wn uhloln 


in \ "• / 


where the coefficient 


V"iPi*aPi - l 

P m —= — < 7 . 

I V^.P. + \UiPi I 1 


• Inre the geometric mean of two numbers is alwuys nmullcrthnn or equnl to 
ill n arithmetic mean, and so 


Kp - Up) • 1 


( Kp ) . 

' mi r 


1 / m - m 0 \ 2 

A «• / 


It follows from (75) that the value of Kp and therefore also of t depend* 
very little on m. Thus, e.g., when (m - mj/m 0 = 0.2, xp increase* by only 
1% According to expression (75) 


Z max ~ * l / '/»- m„ y 
z max " 4 \ m o I 


Departure from the optimum carrier concentration. According to expre*- 
• ion (37), the numerator a 2 o in the expression for z has a maximum nt a 
certain carrier concentration. An optimum electrical conductivity corns* 
ponds to this optimum carrier concentration 


2(2nmkTV 2 r zoo i 

o„ “ en 0 u = e ue . ( 33a) 

h * 

Let us find out by how much the efficiency of the thermoelement 
decreases when the electrical conductivity of the branches differs slightly 
from the optimum value. From (32), (33a), and (35) we have 

k 1 

a*o = — (A - lno) 1 ®, \ 

e 1 

= [(/f _ ln g)1 _ 2(A _ ln g)] f 

f lnz.\ 


do 

^ , (a 1 a) 

do 2 


= k* [2 2(A - In o) "] 

e 2 _o o 
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For A - In o 0 - 2, i.e. a t - e* ~ , wo huvo 


** 

4 7 ,". 


Expanding a l o into a series in terms of (o-q,) and tonfining ourselves 
to the first three terms of the expansion, we obtain 

(a J a) - «*a - \ ( a . a y . 

B, “ X 2 L^Jo = o 0 


From (76) and (77) we have 


Therefore, 


p 2 (0*0)1 = 2 A* 

L ** Ja - a . = 


~ 0*0 = -X — (O - O 0 ) 


or, from (77) 


(a*o) - a*o 

max 


K -?)' 


Expression (78) shows that the dependence of a*o, and therefore also of 
2, on o, close to the point a = o 0 , bears the same character as the depen- 
dence of z on m close to the point m = m 0 , i.e. a change of a by 20% leads 
to a decrease of z by only 1%. 


As may be seen from (75a) and (78), 


depends in exactly the 


same way on departures of m from the value m 0 , as on departures of a 


from o 0 . 


Fig. 3 shows the dependence of ma% 

z ma 

can be used for finding the dependence of 


- z o - o 0 
on 


The same graph 


— z m — m 0 
on 

n r "l 0 


Dependence of a*o on temperature. According to (32), (33), and (35) 


a*o = ^ 


8+^ln T\ CT~ P , 
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assumed Imre llml llm Carrier conoentrsllon n is independent of Inmpsrn 
line) ll him been mentioned earlier llml experimental in vestlgnlion of tlm 
dependence of the mobility on temperature him shown that for u number 
of semiconducting substances used for thermoelements the mobility is 
inversely proportional to the cube of the temperature; thus the case /I i 
Is also of interest to us. 

From (79) we have 

- 3 ? In 7'^ CT~P~ X - 0 (b + jj In T^‘ CT~&~ 1 , (80) 



Fig. 3 


d 1 (a*o) — 0 —2 

— = CT P 

ar 


[j - 3(20 + 1) (b + | In Tj 


+ 0(0 + 


According to (80), = 0 at the temperature T 0 for which 8+-l n T =- 

dT 2 n, ° 0 ’ 

, T 2/ 0-*/,B 

whence / 0 = e * and 


(82 ) 

P 

(.omparing (77) and (82) we find that the respective maxima of a 2 o in ele- 
ments with T = const, a*o = /,(o), and with n = const, a a o = /,(T) do not 
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coincide. Only (or an atomic lattice ( fi V,) are hath maxima at the anme 
point 

3 

A - lno « B + - In 7" » 2, 

2 

i.e. in this case we are not dealing with a relative maximum but with an 
absolute maximum. In this case according to (81) 



Expanding a’o into Taylor series close to the point T a we obtain 



For T a - 7\ = 0.27' o , which at room temperature amounts to about 50°, 
a?o drops only by 5%. It is easy to see that when the remaining terms of 
the Taylor series are taken into account the dependence close to the 
maximum of aV on m, a, T, and other parameters becomes even weaker. 
However, in the case of a thermoelectric generator ( T t - T l )/T l usually 
exceeds unity and expression (83) cannot therefore be applied. 

An investigation of the behaviour of a*o = f t (T) close to the maximum 
for the cases /9 = Vi and fi = 3 is of no great interest since this point lies 
beyond the working temperature range. 

In fact, at the temperature T w specified by the working conditions we 
select a carrier concentration at which cfo = /,(<r) would reach a maximum, 
according to equation (35b) this corresponds to the condition 

B w +\t w = 2. (84) 

But at a given B w the value of a 2 o = f 2 (,T) has a maximum when condition 
(82) is fulfilled 

B “ + ^ ln7 ’. (82#) 
From (84) and (82a) we obtain 



(B5) 
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whence, for /J - we find 7', • 7L , for /l - X we have T„ - 1 27' , and 
(or ft • 3 & 


T. - T w e * - 0.53 T w , 


In order to entahliah the tenipcruture dependence of a'o, we almll expand 
'«*" In a Taylor aeries in the vicinity of the point T w , and, wince at this 
point the first derivative is not equal to zero, we shall limit the expansion 
to the first two terms 


a’o m (a'o). 




From (80) we find that for /3 - 3 


[ttL 


and, therefore. 


a*o - \C.T-' 


{a'o) w - (a a o) _ 3 T-T w 

{al ° ] w 2 T w 


Effect of departures of the current I from the optimum value /„ on 
^ I max' ^ en the thermoelement operates with the cold junction per- 
fectly thermally insulated, we find from (10) 

1 1 / --/’/? 


d\T n IR 
dl K K 

d*\T R 
dl 1 ~ K ’ 


Expanding \T into a I ay lor aeries clone to the point / - /„ we find, after 
straightforward transformations, 
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A T _ - AT 

max 




According to (88), a departure of the current density from the optimum 
value by 20% results in a reduction of A T by 4%. 

Effect of the change of supply voltage onthe coefficient of performance 
In a similar way we arrive at the following expression: 




CHAPTER 2 


EXPERIMENTAL INVESTIGATION OF THE 
THERMOELECTRIC PROPERTIES OF 
SEMICONDUCTORS 

The theory of thermoelectric cooling expounded in Chapter 1 is bused 
'•a n number of deductions of theoretical physics: Thomson's thermo- 
dynamic relationships (3) and (5), Pisarenko’s expressions for the thermal 
*m( (32), the temperature dependence of the mobility (44) and (46), eli 
All these deductions were to a greater or lesser extent in need of experi 
menial verification. 

Thomson’s relationships do not follow directly from thermodynamics, 
Iml they can be deduced either by postulating the reversibility of thermo 
electric processes, or on the basis of the principle of the symmetry of 
kinetic coefficients, the introduction of which involves additional hypo- 
theses. Several investigations have been devoted to the measurement of 
•i. II, and r and the verification of Thomson’s relationships for metals. 
In the majority of these investigations the relationship (3) has been 
mlrquutely substantiated, although very conflicting results have been 
"litnined with regard to relationship (5). 

Despite this we know only of two investigations in which the Peltier 
mid Thomson effects have been studied for semiconductors. Konigsberger 
mid Weiss measured the Thomson coefficient for two semiconductors: Si 
and MoS,. Gottstein* measured the thermal emf coefficient and the Peltier 
inefficient for these substances and used his and Konigsberger’s results 
for checking Thomson's relationships. 

Relationship (3) was found to be in accordance with the experimental 

•lata; the quantities entering into expression (5), i.e. r and T — , were 

dT 

found to differ by a factor of 2 to 3. 

It was therefore of interest to find out how semi-metals, which are at 
present used in thermoelectric generators and refrigerators, obey these 
rnlati on ships. 

• G. Gottstein, Ann. d. Phys., A3, 1079, 1914. 
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It was also of interest to determine ihe temperature dependence of ihe 
thermal emf and the mobility. Invcstiguliona of the temperature dependeui e 
of the mobility for semiconductors with an atomic lattice (Si, Ge, Zn, Sb, 
etc.) had yielded relatively good agreement with expression (44); howevn, 
there was no investigation confirming relationship (46). 

for the majority of semiconductors Pisarenko’s formula gives nn an 
satisfactory agreement with the experimental data. Since the substances 
used in thermoelements (PbS, PbSe, PbTe, BijTe,) occupy an intermediate 
position between purely ionic and atomic compounds, neither theoretical 
nor experimental investigations have yielded unequivocal answer to thp 
problem of the temperature dependence of mobility in such substances 
Some importance was therefore attached to a direct determination of the 
temperature dependence of the thermal emf and the mobility for such 
substances. 

Finally, it was essential to verify the principal hypotheses of the 
theory of thermoelectric cooling experimentally. 

2.1 Methods of investigating the thermoelectric properties of semi 
conductors. 

Measurement of the P eltier and Thomson coefficients. For the simul- 
taneous measurement *of the Peltier and Thomson coefficients an instru- 
ment, which is shown schematically in fig. 4, was constructed. 



Fig. 4 


The investigated specimen 6 was soldered to two plates 3 which were 
then screwed to cylindrical cups 4 with conical lids 1. All parts of the 
instrument (cups, lids, and plates) were made of red copper with ground 
contact surfaces. Inside each of the cups was housed a 0.1 mm diam. con- 
stantan wire heater with a resistance of 16 ohms, wound on a cylindrical 
extension of the lid. To each of the cups were soldered insulated copper 
and constantan wires 5, forming thermocouples for measuring the tempera- 
ture difference across the specimen. The thermal emf of the specimen was 
measured with reference to copper using copper leads. Good contact at 
the interface between the specimens and the plates was achieved by 
careful tinning and soldering over the entire contact surface. 

The Peltier heat was measured by the null method evolved by Gottstein. 
Current was allowed to flow through the specimen and at the same time 
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Ilia electric Itaalar mnunlail In tha • up waa switched on Tha lallar waa 
I'MlUd owing to l hr Paltiar haal lialng absorbed al the cold Junction 
When ilia rurrenta were aurh that the tempernturea of both Olipa were 
equal, tha )bule heat generated by the electric heater balanced the heal 
absorbed by the adjacent junction, heating the correaponding cup to the 
same temperature na that of the other cup, which waa heated by the 
I 'eltier heat. Therefore, under these conditions the Joule heal waa equal 
l.i twice the Peltier heat. The Peltier coefficient waa determined from 
ilia formula 


II 





(00) 


"bare and K ^ are the current and resistance of the heater respectively 
and /, the current flowing through the specimen. 

Measurement of the Thomson coefficient was carried out with the same 
Instrument by comparing the Joule heat generated in the specimen with 
die Ibomson heat. For this purpose one of the heaters was first switched 
"it until a stationary temperature drop of 10-30° was established ncroaa 
ilia specimen. A current was then passed through the specimen for 1-2 
minutes in a given direction, and after a pause of 10-15 minutes, required 
lor allowing the apparatus to return to its initial stationary state, lbs 
i urrent was passed in the opposite direction. 

Hie temperature of the specimen when the current was flowing ihnnigh 
it was measured with the aid of thermocouple 2, soldered to a copper foil 
strip 0.1 mm thick, which was in turn glued with Glyptul varnish In (lie 
centre of the specimen. Before taking the measurements, the emf of ilia 
thermocouple was balanced with the aid of a potentiometer. When the 
current started to flow the balance was upset by the heat generated in the 
specimen, the deflection of the galvanometer y, with the current flowing 
In a given direction being proportional to the sum of the Joule heat 


Qj - PRdt (91) 

(where R is the resistance of the specimen and r the time), and the 
Thomson heat 


Q r - rl(T,-T t )dt; (92) 

when the cunrent was flowing in the opposite direction, the galvanometer 
deflection y, was proportional to the difference between these heats. The 
resistance of the specimen was measured before the tests. Galvanometer 
deflections were recorded at 15 second intervals from the instant of 
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switching on the current. Using expressions (91) and (92), the Ihomson 
heat was calculated from the formula 

0 = PR . (93) 

r y, + y. 

Measurement of the thermal emf. Fig. 5a shows a diagram of an 
instrument usually employed for the measurement of the thermal emf of 
semiconductors. 

The investigated specimen 1 is clamped with the aid of a load or a 
spring between two metal rods 2 and 3. On one of these rods (2) an elec- 
tric heater 6 is wound so that it serves as a heat source, whilst the other 



A B C 

Fig. 5 


rod (3) serves as a heat sink. To the tips of the hot and cold rods ..re 
soldered, or pressed in, metallic measuring thermocouples 4 and 5. The 
temperatures of the ends of the specimen T, and T, and its thermoelectric! 
emf E , with reference to one of the branches of the measuring thermo 
couples, are measured by a null method. The thermal emf coefficient in 
then calculated from the formula 



This very simple method suffers from a substantial defect, namely, • 
temperature drop always exists between the specimen and the rods; thin 
drop is proportional to the heat flux and the thermal resistance of ilia 
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contacts. As s result of thin, the mnanurad temperature difference arronn 
the nperiman is higher than tlis true one, and formula (94) given loo low 
a value tfhr the thermal emf coefficient. Thin emu can he appreciably 
reduced by arranging the thermocouples at one aide of the 'main' heal 
(lux, i.e. on one of the aide fucen of the specimen, an shown in fig. .Mi 
The error in almost completely removed by eliminating the heat flux 
across the contact surface between the thermocouple and the specimen 
I or thin purpose the portions of the thermocouple adjoining the contact 
surface should be maintained at a temperature equal to that of the ends 
of the specimen. Fig. 5c shows an instrument for measuring the thermal 
emf coefficient based on the above principle which was employed in thin 
Investigation. For studying the temperature dependence of the thermal 
emf, the entire instrument is mounted in on electrical furnace or in a 
special jacket in a Dewar vessel filled with liquid nitrogen. 



Fig. 6 


I'he instrument shown in fig. 5b has an additional advantage in allowing 
the simultaneous measurement of the thermal emf coefficient and elec 
trlcal conductivity; the heat source and sink act in this case an current 
I .inductors, and one of the branches of the thermocouples ns probes for 
measuring the voltage drop. 

Measurement of the electrical conductivity. The electrical conduc 
llvlty of a semiconductor is calculated from the usual formulu 



(95) 


.‘here l in the length of the investigated specimen, S its cross-section 
emu and R t its resistance. Ihe measurement of the electrical conduc- 
tivity of semiconductors differs from that of metals in that in the former 
. nan R t cannot he measured by the ammeter and voltmeter method (fig t.a) 
..» a bridge scheme (fig lib), since In both cases the results of measure 
meat include s contribution from the contact resistances, which In the 
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case of semiconductor materials may 'ic.id the r— *•!«..* a of the • 

men itself many times. Therefore the electrical conductivity of 

doctors is usually measured by a probe method using the null arrangement 

Measurements may be carried out both with d.c. and a.c.; in the » In- 
case in order to eliminate the thermal emf between the probes, F. x ahnuM 

be taken as a mean of two 



measurements taken with 
the current flowing in oppo- 
site directions. When making 
measurements with a.c., the 
null instrument may consist 
of a vibration galvanometer 
or a narrow band amplifier 
with a millivoltmeter con 


Fig- 7 


nected to its output. 

Measurement of mobility 
and carrier concentration 


The mobility and the con- 
centration of majority carriers are usually determined by the simultaneous 
measurement of the electrical conductivity and the Hall constant. 

Fig 3 shows a scheme of the simplest apparatus for the measurement 
of these quantities with d.c. using a null method. Probes 1 and 2 serve 
for the measurement of the Hall emf, and probes 3 and 4 for the measure- 
ment of the electrical conductivity. In order to eliminate thermomagnclic 
effects and the potential difference between probes 1 and 2 due to their 
asymmetry, the Hall emf is determined as an average of four measure- 
ments, with opposite directions of the magnetic field, and oppos.te 

directions of current flow through the specimen. 

Fig. 9 shows an apparatus for the measurement of the Hall effect with 
a c in which the thermomagnetic effects are eliminated, thus permitting 
a substantial simplification of the measurements; this scheme was used 
in the work described here. Hie a.c. source of 500 c/s consisted 


of a sound (frequency) generator. In order to match the load to the output 
impedance of the generator a step-down transformer was connected at the 
output of the generator which had a transformation ratio of 0.01. I he 
current flowing through the specimen was measured by determining the 
voltage drop over a standard resistance of 10'* ohm connected in senes 
with the specimen. The voltage drop between the probes, the Hall emf, 
and the voltage drop across the standard resistance were measured using 
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mi amplifier. The Inlllal pnienllal dlHerem • dm to the auyinmalry <>f Hall 
probes waa balanced by leading an alternating vnllagr tapped from a 


phene nhifting bridge into the 
Hall einl circuit (both the ampli- 
tude and the phnne had to bo 
lia lanced). The meaauring instru- 
ment ennninted of a narrow band 
amplifier (see Vlunova and 
Slll'bnna*) with a selenium 
iei tiller and a d.c. millivoltmeter 
i nnnacted at its output. 

In order to make the trans- 
mission band narrower, the 
an ond stage of the amplifier 
was hosed on a narrow transmis- 
sion band RC phase filter circuit 
with combined positive and nega- 
live feedback. The width of the 
transmission band provided by 
thin circuit was approximately 
fi r/n and the noise level 0.3 pV, 
which permitted the measurement 
of the Hall emf to an accuracy 
of 1 pV. The amplifier output 
had provisions for connection to 
an oscillograph, making it pos- 
sible to determine the carrier 



Fig. 8 


sign from the phase of the Hall 

rmf. The carrier sign could also be determined by feeding a low alternating 
voltage, having a frequency of 500 c/s, to the input of the third stage. 



Fig. 9 


R. M. Vlasova and L. S. Stil'bans, Zhur. Tekh. Fiz. t 25, No. 4, 571, 1955. 
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The power supply consisted of an electronic voltage stabiliser 
2.2 Results of the experimental investigations of the thermae Ir. lrli 
properties of semiconductors. 

Results of measurements of the Peltier and Thomson effects. big ><» 
shows results of measurements of Hand a for a ZnSb specimen in the tern 

perature range from —40 to +1B0 (. 




n 

T 

n — 

• 


Fig. 10 


In order to carry out measurements 

a, p V/deg j ovv temperatures the instrument 

-y*' l described above was mounted in » 

2 qq Heppler-type thermostat; measure 

* ments at elevated temperatures were 

’**• carried out in a specially designed 

ff furnace fed from a ferromagnetic voU 

•a. t tage stabiliser. Fig. 11 shows the 

LI, Q 2001 C re8u | ts 0 ( measurements of n and a 

j.. g 10 for a PbTe specimen in the tempers 

ture range from 21 to 110°C. 

It is seen from the graphs that in both cases the results agree with 
the theory to within 3-5%, which is within the experimental error I 

The results of the measurements of the Thomson coefficient r for /.n. It 
and PbTe are shown in figs. 12 and 13 (curve 1); for the purpose of com- 
parison these figures also 

show T— (curve 2) pV/deg 

dT o 1 1^- 

based on the data plotted 1 7 u *"** > 

in figs. 10 and 11, and , J ° Cl ± JjOl'C 

theoretical curves (3) 
based on the measure- 
ments of the Hall effect. Fig. 11 

In the temperature range .1 

from -40°C to +180°C, the carrier concentration in ZnSb is constant anti 

therefore the theoretical curve becomes a straight line. As may be "•>•* j 
from the graphs, thevalires of the Thomson coefficient for PbTe and /..SI. 
differ somewhat from the theoretical values, but the deviations lie within 
the limits of the experimental error, estimated in this case at approx. 10%, 1 
Investigation of the thermoelectric properties of lead telluride and lead 
selenide. * As has been mentioned earlier (32), the thermal emf of n non 
degenerate semiconductor with a single type of carrier can be expressed 
by the formula _ m 


Fig. 11 


if „ , 2(2nmkT) i \ 

a = i- r+2 + ln • 

e L /i’ii -I 


• N. V. kolomoela, T. S, Slsvltslmys, sod L, S. Stll'liass, f**- dhad. ' ">* 
SSSH. See Fit., 27, No. I. 71, l<W, 
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where ilia carrier free pnlli length la, In ill" goners 1 ruse, given hr 

l - flT)/ . (%) 


| loth the function f(T ) and r nre governed by the mechanism of esrrler 
at uttering in the lattice of the substance. 



Fig- 12 Fig. IS 

For scattering by thermal lattice vibrations and at temperatures above 
the Debye temperature 

/ « - , (07n) 

T 

where r ■ 1 for an ionic lattice and r = 0 for an atomic lattice; for scattering 
l>y lattice defects, f{T ) = const, and 

/ « /. (07b) 

la particular, for scattering by impurity ions r = 2, etc. 

Ihe temperature dependence of mobility is also governed by the 
• ipression for the free path length (96). The general expression for the 
mobility of non-degenerate carriers has the form 

u * l(t)e~ /kT tdt. (OB) 

0 

Therefore, according to (9H) and (97n), we liuve for scattering by 
thermal lattice vibrations 

M- T'" V (00) 






The above relationships show that the simultaneous measurement, in 
one and the same material, of the temperature dependence of the thermal 
emf, electrical conductivity, and carrier concentration makes it possible 
to arrive at a number of important physical conclusions. The temperature 
dependence of mobility in the high temperature range makes it possible 
to obtain an idea on the nature of bonds in the lattice, whilst the tem- 
perature dependence of mobility in the low temperature range indicates 
the character of the defects. Having determined the carrier concentration 
from the Hall effect, and the exponent r from the temperature dependence 
of mobility, we can determine the effective mass of the carriers from the 
value of the thermal emf. The investigation described in this paragraph 
represents an attempt to solve this problem. 

As materials for the investigation we have selected lead telluride and 
lead selenide, as well as the solid solution PbTe-PbSe, since these 
substances were until very recently the best materials for the negative 
branch of the thermocouples. Apart from its theoretical interest, the in- 
vestigation of the thermoelectric properties of these materials was also 
of major importance. The investigations were carried out on polycrys- 
talline specimens prepared by sintering. Measurement of the thermal emf, 
electrical conductivity, and Hall effect, was carried out employing the 
usual methods described previously. 


s 



Fig. 14 



The high temperature range. Fig. 14 shows the temperature dependence 
of the thermal emf for a specimen of n-type lead telluride with a carrier 
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• oncanlNllon of a - V.O * 10" mi ' In lh* temperature mug* () 

III* Imlrhed linn ■how* ill* llinomlll'Nl il*|i*nd*nc* n< 'cording to nipt** 
•Ion (32) on the assumption that A - 2 (both her* nnd in snbs*'|u*nl 
■ on ■(deration* wa shall denote by A the first term in Pisarenko's formula) 
A •* r 4 2) nnd m - m 0 . 

Mg, IS shown the dependence of the thermal emf on carrier con ini 
linlion nt room temperature for n-type lend telluride (curve 1), nnd n-typ* 
(mrve 2) nnd p-type (curve 3) lead selenide; the hatched line represents 
III* theoretical curve constructed according to exprenaion (32), assuming 
again that A *2, m « m 0 . 

I'rom figures 14 and 15 we can infer that: 

I) the dependence of the thermal emf on temperature and carrier con 
rentrnlion agrees approximately with that given by theory; 

$ die absolute experimental values of the thermul emf differ from 
ll.e theoretical values by 120 pV/deg for lead telluride and somewhat 
Una for lead selenide. This disagreement between the theoretical and 
experimental values of emf can be attributed to one of two causes: either, 
(a) the effective mass of the carriers is approximately 2.5 times lower 
than the free electron mass, or (b) the value of the first term in formula 
(1), taken in fact quite arbitrarily as A = 2, is incorrect. 


logu 



Fig- 16 Fig. 17 

We have already mentioned that a relationship between A nnd the 
temperature dependence of mobility exists. For an atomic lattice r • 0, 
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A « 2, and 

u ■ T~^, (101) 

whilst for an ionic lattice at temperatures above the Debye temperalm* 
r = 1 , A = 3, and 

u ~ T~ Vl . (101) 

With regard to their bond character, lead telluride and lead sclnutde 
occupy an intermediate position between these two limiting cases mol 
it could have been predicted in advance that the value of r would lie 
between 0 and 1. 

Fig. 16 shows, with logarithmic co-ordinates, the temperature depnn 
dence of the mobility for four specimens of lead telluride in the tempers, 
ture range 300— 700°K (curve 1). For the sake of comparison, the hatched 
curves represent the theoretical relationships (101) and (102). It follows 
from this graph that lead telluride obeys, with great accuracy, the law 

u « r-\ (103) 

Comparison of expressions (99) and (103) gives, for n-type PbTe, 
r = —1.5 and, correspondingly, A = r + 2 = 0.5. On putting A =0.5 and 
m = m „, the theoretical values of the thermal emf given by expression 
(32) coincide with the experimental data. 

Fig. 17 shows the temperature dependence of the mobility for speci 
mens of lead selenide; n-type PbSe (curves 1, 2, and 3) obeys the law 



In this case the temperature dependence of mobility gives the values 
r = -1 and A = 1. A comparison of the experimental values of the thermal 
emf with the theoretical values for A = 1 gives, as in the case of lead 
telluride, m = m 0 . 

For p-type PbSe (curves 4 and 5) u « 7"*, whence r = -1.5. 

The low temperature range. Figs. 18 and 19 show the temperature 
dependence of the thermal emf and mobility for a number of specimens 
of lead telluride.'and lead selenide with various carrier concentrations 
( i - 0.48 x 10**, 2 — 3.8 x 10 1 *, 3- 7.8 x 10“) in the temperature range 
100-700°K. It is seen from these figures that at temperatures below 
200°K the temperature dependence of the thermal emf deviates from the 
theoretical curve constructed according to expression (32) (hatched 
curve) and the temperature dependence of the mobility deviates from the 
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law I lo ll The higher lha currier i iminnlrallnn, ilia higher the !eiii|iernture 
at whlih lha deviations from lha laws established in the preceding para 
graph are observed. 

I'hesn deviations can bn attributed to two cnusns: (a) the onset of 
degeneracy, and (b) n change in the acuttering mechanism, i.e. trnnaition 
from si altering by thermal lattice vibrations to scattering by ionised 
Impurities, 



Fig. 18 Fig. 19 


The carrier concentration in the investigated specimens varied from 
n, 10“ to n, = 10“cm J .* At these concentrations one would expect the 
onBet of degeneracy at low temperatures. Since the carrier concentration 
in the investigated specimens varied by a factor of more than 10, the 
temperatures of the onset of degeneracy should also have been quite 
different: 



In reality, the changes in the temperature dependence of the mobility 
took place, for all specimens, within a narrow temperature range. There- 
fore, the. cause of the departure of the experimental temperature depen- 
dence of the thermal emf from the theoretical dependence cannot be attri- 
buted to degeneracy. 

* E. Z. Gershtein, T. S. Stavitskaya and L. S. Stil'bans (Zhur. Tekh. Fiz., 
27, No. 11, 2472—2483, 1957) later extended this range to 5 X 10*’ to 2 X 10” 
(Translator’s note). 
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The carrier mobility, for scattering by thsrmal vlbfallnna only, decreases 
with decrease of tempcrulure no one would expect that scattering by 
lattice defects should become more noticeable al low temperature die 
reciprocal of the mobility should then represent the sum of two terma 


— = aT * + brij , 
u 


where aT* is the resistance to the movement of electrons due to the tlier 
mal vibrations of the lattice, and brtj the resistance due to scattering by 
impurities, where b is a coefficient which in general may depend on 
temperature, and nj is the concentration of defects. 

It maybe considered that the scattering centres in n-type lead telluride 
consist of ionised excess lead atoms, the number of which is equal to 
the number of conduction electrons. Fig. 20 shows the corresponding 

relationship i = f(n) for a few temperatures close to the temperature of 

liquid nitrogen. The fact that this relationship is represented by a number 

of straight lines favours the 

I scattering mechanism postulated 

u by us. From the fact that these 

lines are parallel it follows that 

!qq the coefficient b is independent 

^ of temperature. The departure of 

• /s' the temperature dependence of 

the thermal emf from the theore- 
tical value observed in this 
j .0 n xj 0 -i» temperature range may also be 

0 0 10 related to the change of the 

j-j 20 character of the scattering of 

electrons. 

As has been mentioned earlier, when the mobility follows the law 
u = aT the value of A in expression (32) should be close to unity. For 
scattering by impurity ions l •> «*, which should make the value of A in 
expression (32) equal to four. To each scattering mechanism there corre- 
sponds a certain value of A. The intermediate temperature range, in which 
the character of scattering changes, should be characterised by a gradual 
change in the value of A. 

Thermoelectric properties of the PbTe-PbSe solid solution. According 
to equation (37a) the figure of merit of semiconductor thermoelements is 
proportional to the ratio of the carrier mobility u to the thermal conduc- 
tivity of the crystalline lattice For lead telluride and lead selenide 
this ratio is relatively high, so these substances are good materials for 
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lbs branches uf thermoelements From this viewpoint, nn even better 
substance is the solid solution I’bl'e I'l.Se 

A< curding to the idene of A, V Ioffe, nl whose initiative s study of 
the s foremen tioned system wns undertaken, replacement of a certain 
number of tellurium stoma by selenium atoms in lead telluride must lead 
to relatively small diatortiona of the crystalline lattice, owing to the 
isomorphism of PbTe and PbSe. 

These distortions should be very ineffective for the scattering of elec 
tronic waves, the length of which reaches a few tens of angstroms at 
room temperature, but they should be quite effective for scattering thermal 
lattice vibrations, the wavelength of which is much shorter (at tempera 
lures above the Oebye temperature it is of the order of the lattice con- 
atnnt). Consequently, the ratio u/« pA should be higher for the solid 
solution than for the starting materials. 

Experimental investigation confirmed this hypothesis: the value of 
“/* P A in *be solid solution PbTe-PbSe was 1.5 times us high nn in PbTe 
and twice as high as in PbSe. 

Vie shall not reproduce the data relating to the temperuture dependent e 
of the thermal emf for the solid solution here, since it differs little from 

the temperature depen- 
u cxnVVxsec dence of the thermal emf 


t-POTe 

2-PbSe 

3 10%PbSe^0%We 
<r$0 - 50 - 

5- 80 " 20 " 

6 - JO « 70 *• 


lor ihc starting materials 

We shall confine our- 
<PtUe selves only to the discus- 

sion of the dependence of 
„ the carrier mobility on 

— alloy composition and 
temperature. 

Fig. 21 shows the de- 
pendence of mobility on 
temperature for specimens 

— of various compositions. 
It is seen from this figure 
that the earner mobility 
decreases with increasing 
departure of the composi- 

JOOmtion of the specimens from 


that of the starting com- 
21 ponents. An exception 

here is the 50% PbSe-50% 


PbTe specimen (curve 4) 
in which the mobility at low temperatures is higher than in 30% PbSe 70% 
I bTe (curve 6 ) and 80% PbSe— 20% PbTe (curve 5) specimens, This may 
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be attributed to the onset of ordering in specimens with 1:1 composition 
Fig 22 shows the dependence of mobility on compos.Uon at van,.... 
temperatures. These curves permit us to reach certain conclusion. con 
ceming the mechanism of electron scattering by neutral defects. 

It is known that the carrier mobility for specimens of any composition 
may be expressed by the following general formula: 

e el (105) 

u = — r = — i 
m m v 

where r is the relaxation time and v-i is the number of collision- in • 

second. For a low percentage of lead selenide in lead telluride. it may 
be considered, to a first approximation, that the number of collision, psr 

second v represents the sum of colli 
sions with thermal lattice vibration. ^ 

„ | 1 j 1 1 and collisions with impurity atom. 


may be calculated from the mobility 
in lead telluride containing no impuriti." 

“PbTe " m X IT ’ ( J 


msom 


Fig. 22 


Substitution of v fh from (107) and i 
from (105) into (106) permits the c.lru 
lation of vj . 

Moreover, the rate of collision with 
impurity atoms may be expressed using 
the following formula: 


v. = v SS i , 


where S is the effective cross-section for scattering by impurity atom.. 
H. the number of imp."., ..cm. i» en* -d v A. nte.n dt.nu.l v.lueh,. 


l2kT 

5 = * FAf)' 


where F,(p*) and F^(p*) -re Fermi integrals, and p* is the reduced chtml- 
cal potential. 
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and since v « 1/A (where A ia alvi Iron wavelength), we have 


s « — . 

A* 


hum 


Thus, in the case investigated here, we have found a formal anal.igy 
with Rayleigh’s law for the scattering of light in the atmosphere. 

Introduction of balanced impmUle* 
We have established that for lead i.l 
^ x *°* luride the exponent r in the expreaaliia 

j giving the dependence of free path 

200 f~ length on energy is equal to I, ft mid 

/ therefore, (4*=0.5; lor impurity Inn* 

a , r=2 and <4=4. Therefore by inltn 

-r- ducing a sufficient amount of impmll|i 

ions into lead telluride it ia poaelble 

2 to increase the first term in expreanlna 

(32) by 3.5 units, which correspond*, 

1 | at a given carrier concentration, to an 

0 100 200 300 400 500 T‘K increase in the thermal emf of 


Fig. 24 


- 3.5 - 86 x 3.5 = 300 pV/deg 


On the other hand, introduction of impurity ions brings about a deer. .. .* 
of mobility. Calculations show, however, that by introducing a meaaiiie.1 
amount of ions it is possible to attain a certain logS 
increase of the value of aV. In order to prevent the TTJ * 

carrier concentration from changing it is necessary , / / 

to introduce simultaneously equal quantities of " / 

donors and acceptors, to make both types of impuri- LI , 

ties balance each other as regards their effect on 1 

carrier concentration (hence the term ‘balanced 

impurities’). II 

Initial experiments, aimed at increasing a*o by ] 7 

the introduction of balanced impurities, carried out [}l W%PbSe 

on lead telluride, did not yield positive results. lj~2-20 - 

Fig. 26 shows the experimentally obtained relation- f —*/ 

ship between the first term in expression (32) and T 

the logarithm of the electron concentration which I— i. 

could be explained by a change in the scattering ' ' S 10,1 * 

mechanism. Later on, it was found, however, that 


Fig. 25 
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Hta ' tirv# In fig. 26 ssrvsd equally wall for epecimana wllh balanced 
-ml NflbalgMsd impurities. Comparison of the experimental results with 
I th*"ry showed that the increase in ihe value of die first term in expree- 
I *I"U (82) was entirely due to degeneracy • . 

I 3 Comparison of the theory of thermoelectric cooling with the experl- 
menial results. 

Wy of the temperature dependence of the figure of merit of thermo- 
' restenle. The temperature dependence of the figure of merit of thermo- 
elements * is governed by the temperature dependence of a‘o and 

I* ;%*♦*•/■ 

I lie lattice thermal conductivity K p ^ depends on the phonon scattering 
mechanism. At temperatures above the Debye temperature: D * pA « 7"' 

In ideal crystals, i.e. for the scattering of phonons by phonons; 2) K ph 

I Is Independent of temperature for the scattering of phonons by lattice 
.Ixfacta. Intermediate cases may, of 
i.iurse, also occur with both scattering 
insrhanisms participating; in this case 
Ilia numbers of collisions of phonons with 
phonons, and with defects, i.e. the reci- 
procals of the free path lengths, are addi- 
tive. 

Ihe electronic thermal conductivity 
and its temperature dependence at low log/V 

temperatures are related to the electrical 
conductivity by the Wiedemann-Franz Fig 26 

law. At high temperatures an exciton 

mechanism of thermal conduction also begins to play an important part. 
Iliese problems will not be considered here, since they have been dis- 
mased in detail in the paper by Ioffe and Ioffe**. 

Ihe temperature dependence of the numerator aVin the expression for 
« is governed, according to expressions (32) and (33), by the temperature 
dependence of the carrier concentration and of the mobility. It has been 
mentioned earlier that in order that a 2 o should preserve its maximum 
value over a wide temperature range, the carrier concentration should, 

according to expression (37), rise gradually with temperature: n 0 « t\ 
However, there are no substances in nature which follow such a law and, 
therefore, the materials for thermocouple arms consist as a rule of semi- 
metals in which the carrier concentration is constant. Depending on the 

* T - L - Koval'ohik and Yu. IV MusUkovels, Zhur. Tekh. Fiz., 26. No. II 
■ ■ (-2431. 1966. I / Cerahteln, T. S. Slavllaknya, and L. S. Stil’bans ibid 
27,^No. 1 1, 2472-2411.1, 1967, coealdar thla in greater detail. 

A. V. Ioffe and A » 1*11*. /iv 4A.n/ Nuuk SSSR, Set. Fit.. 3U, No. 1, 1956. 
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working temperature range, n suitable number nf donors or m i aptms la 
introduced into the semi-metal no ns to fulfil condition (37) nppfn* unolsly 
within this particular temperature range. 

Therefore the temperature dependence of a‘o in ncrni-melnls in riilli*lt 
governed by the temperature dependence of mobility. 

The negative arm of the thermoelement may be made of lend talliuids 
in which the mobility is inversely proportional to the cube of the tempers 

ture, and the positive arm of antimony 
tArxl(f telluride with additions of some olhsi 

materials; for this arm u« T~^. Figs 
27 and 28 show the temperature dop«n 
dence of a 2 o in these two cases for 
three carrier concentrations giving 
maxima of a 2 a in different temperature 
ranges, curve 1 at 220°K (n = 3.5 x 10 ") 
curve 2 at 360°K (/» = 5.5x 10"), mid 
curve 3 at 400°K (n = 8.5x 10"). 

It is seen from these graphs that the 
temperature at which a 2 o at a given 
Y°y carrier concentration has the highest 
value need not coincide with the tern 
perature for which this concentration 
gives the maximum value of a 2 o ; in tin- 
first case (u « 7”*) these temperatures differ by a factor of 2, whilst in 

the second case (u <• T ^ ) they coincide. 

Figs. 29, 30, and 31 show, respectively, the temperature dependences 
of a, a, and a 2 o for six specimens of lead telluride with different carrier 
concentrations. Fig. 32 shows 
a comparison with the theoreti- 
cal relationship of the experi- 
mentally determined tempera- 
ture dependence of a 2 o for 
specimens No. 2 and No. 5. 

Figs. 33, 34, and 35 show 
similar curves for three speci- 
mens of antimony telluride, 
and fig. 36 gives a comparison 
between experimental and 
theoretical relationships. 

These curves indicate 
qualitative agreement between Fig. 28 

the theoretical and experimental data, as well as substantial discrepan- 
cies, the explanation of which requires further study. 
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Fig. 27 
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Ifausursmanl o I thr ro*fflrh>ni of ytrftmuitoe* and ihr mint mum l*» i 
peinlura duty, I r«i« on the thaminalamniila wars myriad oul wllh ilia 
apparatus shown in fig. 37. 

Iha tharmoelemsat 7-7 was placed inside a brass ball jnr 1 willi a 
rubber vacuum seal at its base 14. Ibe lends for the measuring thermo- 
couples 2 and 3 (copper constantan) 
o ohm * Kcni 4 were taken oul through the vacuum 



seiil at the base of the bell jar (not 
shown on the drawing). In the upper 


a, pV/deg 



WO 200 300 r°K 

Fig. 30 

a?ox\(f 



Fig. 29 


Fig. 31 


part of the bell jar there was a connection 4 to a forevacuum pump. On 
the outside of the bell jar, on an asbestos sheet, was wound a ni chrome 
wire heater 5. The temperature of the wall of the bell jar was measured 
with the thermocouple 6. 
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The semiconductor thermoelement under Investigation 7 wne soldered 
to two brass bolts 8 insulated from the base. I he heads of these bolls 
consisted of the chambers 9, through which was circulated a heal 
absorbing liquid from a thermostat. 'Hie temperature of these chambers 
was measured with the thermocouple 10. A small constantan heater 111 

providing the working load was 

cemented to copper plate 11, which 
bridged the cold junctions of the 
semiconductor thermoelement 7-7. 

The cross-sections of the wires 

^ feeding the current to the heater 12 

/ ___ I and of the thermocouple arms 2 were 


a, gV/deg 


100 200 300 

Fig. 32 

o, ohm" 1 X cm 1 


\ 

\ 



\ 



\ 








WO 3b 

W 300 



100 200 300 r°K 

Fig. 33 


ctaxlCf 
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Fig. 34 Fig. 35 

selected so as to make the heat flux along their length negligible; the 
entire heat generated by the heater was therefore transferred to the cold 
junction of the thermoelement. Contacts 13 inserted through the vacuum 
seal served for introducing the current and measuring the voltage drop 
across the thermoelement under operating conditions. 
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liming the nKperlments almullnnanua ensiling* could bn laknn of ilia 
hoi jinn lion tnmpnriitiirn /„ , ihn cold junction tnmpnrnliirn , ilia lianlnr 
powar consumption IF, the currant through ilia tlinmioalamanl I, and ilia 
voltuga drop ncrons the thcniinclc- 
manl V. The thermoelement consisted ♦ 

of land telluride (negative ami) and 
antimony telluride with additions of 
aVrxItf 


5 


Fig. 37 

other elements (positive arm) and possessed the following properties 




PbTe: a, - -130 gV/deg, a, = 2000 ohm'* x cm* 1 , 

x, = 9 x 10*’ cal/cm x sec x deg; 



Fig. 38 shows the maximum temperature drop as a function of the hot 
junction temperature; the hatched line is the theoretical curve constructed 
on the basis of expression (16) taking into account the temperature depen- 
dence of z. It is seen from the graph that there is good agreement between 
the theoretical and experimental data. 

1'he temperature drop across the thermoelement was also investigated 
as a function of the working current at different hot junction temperatures 
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(fig. 39). In fig. 40 n comparisou in made Iteiween the experimental 
results (full lines) uml theoretics I reUtlnns|il|in (hatched linen) fur In. I 
junction temperatures of +45°, il. r »", uml .'HfC. 

I' ig. 41 shows the dependence of the optimum current on the cold 
junction temperature (the theoretical curve in shown by a hatched line) 

It should be noted that the 
experimental values of 
contain large errors due to the 
very flat maximum on the curve 
showing AT as a function of I 
A study was also made of 
the dependence of the coeffi 
cient of performance on the 
value of the current and the 
difference between the junction 
temperatures. For this purpose 
measurements of the difference 
between the junction tempera 
hires (A T = T 0 - T,) were made as a function of the load (the load was 
provided by the heater mounted at the cold junction). Variations of AT , 
(temperature difference in the absence of load) were achieved by adjusting 
the value of the current flowing through the thermoelement; measurements 
were also made of A T as a function 
of the load Q, at constant values of /. 





/. , 


fig- 40 


According to equation (10) these relationships should be linear: 

A T = A T„- 

K 

The thermal conductivity of the thermoelement could be determined from 
the slope of these straight lines. 


r. ii*rniMr . ntai in vm no ati on 


l ig, 42 shows n fntntly of audit lines lor n thsrmitdlamsnl operating at 
n hot junction temperature /', *45"C. Pho lines are parallel to such 

••lit er. From thn points of intersection of these linos with Hues parallel 
to llta axis of nbaciasne It is 
Mtlllbli to determine the experi- w s 
mental dependence of r an / at S 

given T, and T, imd to compnre jg ^ •»_ 

It with the theoretical expression N s v. 

(14), Having found, for each A T, *\ v s v S \ ' \. 


optimum 
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the value of ( max and drawn the curve of ( max as a function of A/, thn 
latter could be compared with expression (19). 

Fig. 43 shows the experimental dependence of r on /, with the values 
of A7^K marked by the side of each curve. The maximum of these curves 
shifts towards lower currents with decreasing AT. 

In fig. 44 a comparison is made between the theoretical (hatched lines) 
and experimental (full lines) dependences of f on / for AT, 20° and 

AT, = 12°. For AT, = 20° r, was also measured 
j, 1 1 I ' ') directly as a function of / ; this was done by 



■■Ml 



varying / and Q 0 and maintaining AT constant and equal to 20 , and then 
calculating t for each Q 0 from the measured values of /, and V. This 
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curve ia shown in fig. 44 by dashes an<l ilnla ll la aaan that ilia two 
experimental curvea corresponding to A7 JO® are in good sgrasmsnl 
The theoretical curve for A7' - 20” haa an identical ahnpa, hut Ilea 

everywhere above the an 
perimentnl curve; the thaofe 
tical curve for A T - 12” I# 
slightly below the theoratC 
curve. 

The large discrepancies 
between experimental and 
theoretical values of « ob- 
served on the low-currant 
side of the maximum may 
f be attributed to the fact 
that the errors in calculating 
( are found to be much 
higher in this region. 

Fig. 45 shows the experimental (full line) and theoretical (hatched 
line) dependences of t max on A T for the temperature range T t = 45°C to 
7\ = +5°C; the two curves are in good agreement. 

On the basis of the evidence presented in this chapter it may be con- 
cluded that all the postulates listed in the preceding chapter, i.e. all 
the postulates of the theory of thermoelectric cooling, are in good agree- 
ment with experiment. 


S. V. Airapetyants et al. (ZAur. Tekh. Fix., 27, No. 9, 2167-2169, 1957) 
made a study of the properties of solid solutions based on lead telloride and 

bismuth telluride. The mobility of holes was found to depend on the regular 

periodicity of negative ions, whereas disturbances of the periodicity of positive 
ions were found to lead to a reduction of the mobility of electrons. Thus, in 
order to improve the quality of materials used in thermoelements by reducing 
their thermal conductivity without reducing the mobility, it is necessary to 
replace part of the positive ions in the material for the positive branch and part 
of the negative ions in the material for the negative branch. For example, a 
suitably doped solid solution of Bi,Te,-Sb,Te, used for the positive branch 
has a value of x more than twice that for pure p-Bi,Te,. On the other hand, as 
shown by S. S. Sinani and G. N. Gordyakova (ZAur. Tekh. Fix., 26, No. 10, 
2398—2399, 1956), 80% at. Bi,Tej— 20% at. BijSe, solid solution doped with 
0.05% wt. CuBr has a value of x of around 2.5 and is eminently suitable for 
negative branches. (Translator’s note) 



CHAPTER 3 


APPLICATIONS OF THERMOELECTRIC COOLING 


3.1 Domestic refrigerators. 

Construction of the thermobattery. The thermobattery nhould consist 
of the following main elements (fig. 46): a block of thermoelements 3 con 


nected in series, which has until now been called the thermobattery, an 
external radiator 1, i.e. a device for dissipating the heal from the hot 
junctions of the thermocouples; and an internal radiator 2 for the beat 


exchange between the cold junctions and air inside the refrigerated 
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chamber. We shall denote the tem- 
perature drop of the air inside the 
chamber with respect to the tempera 
ture of the surroundings by A7 ihe 
temperature difference between the 
internal radiator and air in the refri- 
gerated chamber by A7J, the tern 
perature difference between the ex- 
ternal radiator and the surrounding 
air by ATq, the temperature differ- 
ence between the cold junctions of 
the thermocouples and the internal 


Fig. 46 


radiator by AT’jjf, the temperature 


difference between the hot junctions 
and the external radiator by AT£, and the temperature difference ucross 
the thermocouple under operating conditions by A T 0 . Then 


A7; = A T a + A7£ + A7g + A7^ + ATg . 

Since A T a depends on the conditions of operation of the refrigerator and 
the coefficient of perfoimance decreases with increasing AT 0 , it is obvious 
that the main problem in the construction of a battery is the reduction of 
the detrimental temperature drops A7£, ATg, AT£ and A Tg . 

Thermal contacts between radiators and thermoelements. The simplest 
way to eliminate AT£ and A7g' completely consists of soldering a copper 
or an aluminium plate to each internal and external thermoelement junction. 
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In ti> is cune the rnilintnrn would tonalal of » mini her ,,l platan Inntilitlnl 
from each other. 

This design, which wan used in the firm thnrmobnttnry models, hnn .1 
number of important shortcomings. Firstly, the free end of tiie plate forma 
a large lever with respect to the junction of the thermoelement, and there 
fore accidental contact with the plate may disturb commutation. Secondly, 
the current consumed by the thermoelement decreases with the decreasing 
cross-section area of the branches and such a construction makes it 
impossible to reduce this area, since when this is done the distunt r 
between the plates becomes too small for satisfactory heat exchange; the 
reduction of area is desirable from the point ofview of selecting economi- 
cal power supply sources. Finally, this design does not make it possible 
to extend the surface of the radiators sufficiently and thus keep the 
values of A Tq and A7g within acceptable limits. 

Good thermal contact between the stages of a multi-stage battery und 
between the batteries and the radiators is relatively difficult to achieve, 
particularly at high thermal loads, when the detrimental temperature drop 
across the layers of electrical insulation increases. The difficulty lies 
in the fact that, in order to decrease the thermal resistance, the layer of 
the electrical insulation must be made in the form of a very thin strong 
film with high thermal conductivity. The problem is further complicated 
because conventional electrical insulators have relatively low thermal 
conductivities. Moreover, in spite of the thorough treatment of the surface 
of the radiators and the batteries, thin films (even mica plates) are 
pierced under high loads. 

Tests were carried out in which the thermal resistance and strength 
of thin films (mica, teflon, vinyl chloride wetted with oil, silicone var- 
nishes) were investigated. The following method gave good results. A 
mica plate, 20-30 p thick, was inserted between the radiators and the 
thermobattery after wetting it on both sides with a silicone varnish con- 
taining a suspension of aluminium powder. The radiators were then drawn 
together with the aid of bolts screwed into ebonite plates. Measurements 
showed that with this construction A7^ did not exceed 0.5°, and A 7JJ did 
not exceed 1-2°. The lowest thermal resistance was exhibited by films 
prepared from FG-9 silicone varnish containing 6% aluminium powder. 
The films were deposited on the surface, and dried for two hours in a 
thermostat in which the temperature was gradually raised from 50° to 
200° C. 

Detrimental thermal resistances across insulating layers between two 
stages may be avoided by the simultaneous sintering of two-stage thermo- 
elements. 

As has been mentioned earlier, the first (lower) stage should have a 
refrigerating capacity of 
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At we find 
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und therefore 


!± _ l i 
w l 

1 1 5 = const 

It is thus possible to vary the ratio of the capacities of the two stages 
by using branches of different length, which makes it possible to carry 
out simultaneous sintering of a two- 

atage thermoelement. ■■■■■p w ■■■■ mshsi 

The construction of such a battery ^ 

is shown in fig. 47. 

Fig. 48 shows the design of a * zP PIPPPj IWW • 

Iwttery in which the detrimental resis- ^ jyjLUUU 

lances across the insulating layers 
between the battery and the radiator 
attached to it are eliminated. The 

junction electrodes also perform the function of heat transfer radiators. 

In the preparation of such a battery it is necessary to take into account 
the electrical resistance of the electrode-radiators, which should not 
■ ■a III constitute more than 2-3% of 

I j ; j the resistance of each thermo- 

element. 

Calculations show that the 
V/ \ '£* design of the external radiator 

^ ^ as shown in fig. 46 is unsatis- 

factory and it should be modified 
so as to increase the area of the 
Fig. 48 surface on which the fins are 

mounted by at least 5 times as 
compared with that for the first prototype refrigerator. A variation of such 
a design is shown in fig. 49. The base 1 of the external radiator 2 
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represents n snliil nlimiinluiii pints, s Innli flllsil with n liquid, >• i.mk 
in which heiit exchange is nchlnvsil l«r sviipnrnllnii mill rond* nan lion ttf 
some liquid. The base of the tank is In ninlnrt with the hot juni tloii* uf 
the thermobattery 4, whilst an internal radinlar .'l is pressed against ths 
cold junctions. 
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Fig. 49 


Fig. 50 


The second and the third of these alternatives were tried out. In the 
second alternative the tank was filled with water and in the third with 
saturated steam. In the last case the tank containing a small amount "I 
water (approx. 100 cc) was evacuated. Under these conditions a high raid 
of heat transfer was ensured owing to the fact that the water “boiled" si 
the bottom of the tank and condensed at its side walls. 

It was found that under operating conditions the temperature drop 
across the tank filled with water was only slightly higher than in tha 
tank filled with steam. Since the former method is much simpler, all sub 
sequent tests on refrigerators were carried out with a water-filled tank. 

Design calculations for the thermobattery of the 1953 domestic refri- 
gerator. Domestic refrigerators require a temperature drop of A 7^ = 25°. 
Conforming with previous calculations A7^ = A7g = 5°. 

Thus, neglecting the temperature drops between the radiators and the 
thermocouple block, the temperature difference between the junctions 
should be 


A T„ = 25°+ 5°+ 5° = 35°. 
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The materials from whlrh the Uiermobattery was constructed had the 
following chnracteriaticai a - 150 pV/deg, a - 2000 ohm* 1 x cm"', 
x m 9 x 10"’ cal/cm x aec x deg, z « 1.23 x 10"' deg"'; assuming A T = 35° 
we find from equation (19) that < 0 *= 14%, which cannot be regarded as 
satisfactory and indicates the need for employing two stages. Assuming 
AT, = A r, = 17.5° we find for the individual stages <,=«,= 75% and for 


both stages < = — I — 

2 + 1 


22%. Assuming the refrigerating capacity of the 


thermobattery to be equal to @ 0 = 5W, we find that the total power required 
by the thermobattery is IF = QJt = 23 W; for the higher stage IF, = QJi x = 
■ 7 W and for the lower stage IF, = IF — IF, = 16 W. The voltage drop across 
each thermoelement will be t> 0 = 0.03 V (see equation (18)). 

Assuming the power supply voltage V = 1.4 V and the thermoelement 
length l = 2 era, we find from equation (70a) that the number of thermo- 
elements N = 46 (for the higher stage A, = 14 and for the lower stage 
IV, = 32), the cross-section area of the arms S, = S, = 1 cm 1 , and the 
operating current / = W /V = 16 A. 

This concludes the calculations for the thermobattery. From design 
considerations the number of thermoelements was modified to /V, = 15 and 
IV, = 28. Fig. 50 shows the assembled cooling unit schematically, and 
the positions of the thermocouples during tests (see table 2). 

Tests on the refrigerator. Following an agreement on the co-operation 
of the Institute for Semiconductors of the Academy of Sciences of the 
U.S.S.R. and the Leningrad Technological Institute for the Refrigeration 
Industry, the latter constructed a 10 litre cabinet designed to include 
the above-described battery. Heat transfer by conduction in this cabinet 
under operating conditions was 
accurately measured by the 
workers of the Refrigeration Insti- 
tute and found to be equal to 
0.053 cal/deg; subsequent tests 
were carried out on the battery 
mounted in this cabinet. 

Fig. 51 shows the dependence 
of the temperature difference 
across the thermobattery on the Fig. 51 

current. The optimum current is 

/ *= 16.5 A which agrees well with the calculated value /„ = 16 A. The 
temperature difference across the thermobattery was found to be some- 
what larger than the calculated value (AT 0 = 39° as compared with the 
calculated value A T 0 = 35^. However, such differences between the 
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experimental and the calculated valurn wn. quit* tindrraliuidiiliU aim • 
the initial data were determined with insufficient nmimcy 

It is seen from the plot in fig. 51 that a two-stage battery is milch mure 
sensitive towards departures of the current from the optimum value than 
a single stage battery. This can be attributed to the fact that when the 
current changes the heat balance between (he stages is upset: if the 
current increases, the upper stage generates more heat than the lower 
one can absorb and, therefore, the temperature difference across the 
lower stage drops appreciably. 


TABLE 2 


Time of operation of the 
cabinet, hrs 

1 

2 

3 

4 

5 

6 

Current, A 

16 

16 

16 

16 

16 

16 

Voltage, V 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

Temperature, °C 
room, T, 

24.6 

25 

25.7 

26 

26.7 

27 

inside the cabinet, T, 

10.8 

6.3 

6.0 

3.6 

3.9 

4 

cold junctions of stage 

n, r„ r 4 

4.5 

3.4 

0.8 

0.3 

0.2 

0 

hot junctions of stage 

n, t. 

27 

25.8 

27.8 

27.5 

28.1 

27.7 

cold junctions of stage 

I. T t 

26 

25.9 

27.2 

26.9 

27.5 

26.8 

hot junctions of stage 

i. t 7 

34 

36.7 

37.3 

38 

38.6 

39.0 

bottom of the tank, T 7 

32.0 

34.4 

35.1 

35.4 

36.6 

36.2 

at the base of the fin, 
at the bottom, T, 

28.7 

31.8 

32.5 

32.9 

34.2 

34.4 

at the baBe of the fin, 
at the top, T , 

28.3 

30.0 

31.8 

32.2 

33.5 

33.7 

at the tip of the fin, 
at the bottom, T„ 

27.5 

29.6 

31.2 

32.0 

32.7 

33.3 

at the tip of the fin, 
at the top, T lt 

28.1 

29.8 

31.8 

32.2 

33.5 

33.7 

A T w = T, - T, 

13.8 

18.7 

20.7 

22.4 

22.6 

23 

AT, - T, - T, 

29.5 

33.3 

36.5 

37.7 

38.8 

39 
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Table 2 shows the results nf leals on the ralilnsl mads with the opll 
mum current over a six hour period. lbs table does not allow the lampera 
lures nf thncold Junctions and the base of the internal radiator aaparnlaly, 
since these were both found to be equal to the temperaturo T, within the 
accuracy of the measurements. This means that ATjj - 0. As is seen 
from the table, the cabinet virtually reaches a steady state four hourn 
after switching on. The temperature in the cabinet drops to +4°C at a 
room temperature of +27°C. 

For comparison, we are giving data relating to the domestic refrigera- 
tor manufactured by the Gaxoapparat Works of the Ministry of the Meal 
Industry of the Russian S.F.S.R. This refrigerator (model XIII- 1A) provides 
a temperature drop of the air inside the cabinet to +8°C 4 hours after 
switching on, when the temperature of the surroundings is +30°C. 'Ihe 
coefficient of performance is ( = 18%. 

Let us calculate the coefficient of performance of the thermoelectric 
refrigerator described above. As has been mentioned earlier, the heat 
transfer by conduction into the cabinet is 0.053 cal/deg. Therefore, for 
a temperature difference of 23°, the heat flow into the cabinet amounts to 
Qo = 0.053 x 23 = 1.22 cal = 5.1 W. The coefficient of performance is thus 



5.1 

1.6 x 16 


- 20 %. 


Our calculations yielded the value t = 22%. 

The data in table 2 show that there was a large number of detrimental 
temperature drops at the interfaces within the thermo battery, partly due 
to design faults. The temperature differences over the fins T, - T,, and 
T, “ T, were partly due to lack of care in the design; the temperature 
difference T 7 - T, was due to faulty soldering of the fins; the temperature 
differences T, - T, and T 7 - T\ were caused by inaccurate grinding of the 
contact surfaces. 

Owing to these detrimental temperature drops, the working temperature 
difference A T w was found to be equal to only a little more than half of 
the total temperature drop across the two stages: 


AT; = (T, - T.) + (r, - r 4 ) = 12 + 28 = 40°. 

A reduction of the sum of the detrimental temperature drops A T % - A T w 
would have led to an increase of the value of the coefficient of perfor- 
mance to 30%. 

Further increase of the coefficient of performance would require an 
improvement of the thermoelectric properties of the thermocouple arms, 
i.e. a higher value of z. 
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Latest thermoelectric refrigerator* 111* loalii on ilia I9MI ill «nuo«l«i 
trie refrigerator showed thnt even with th« malarUla availahla at llial 
time it was quite feasible to construct n refrigerator with a refrigerated 
chamber of large volume. 

In 1954 work started (also in conjunction with the Leningrad Techno- 
logical Institute for the Refrigeration Industry) on the construction of a 
thermoelectric refrigerator with similar technical and economical charm 
teristics to those of existing absorption refrigerators. The refrigeralm 
consisted of a wooden cabinet with a 55 litre capacity refrigerated 
chamber. The thickness of insulation of the cabinet walls, outside the 
region where the thermobattery was housed, was equal to 120 mm. 

The quality of the cooling thermoelements at that time was improved, 
which permitted the dissipation of heat from the hot junctions of thr 
thermobattery by natural air convection using a system of radiators. In 
these refrigerators use was made of PbTe-PbSe alloys (negative branch) 
and an alloy, the principal constituents of which were tellurium und 
antimony (positive branch). 

Specimens were prepared by the methods of powder metallurgy (sintering 
at a temperature of 400°C and a pressure of 4-6 tons/ cm 1 ). Die-casting 
and directional crystallisation can also be used successfully for the 
preparation of thermoelements. 

The quality of the thermoelements was controlled by measuring a and 
a (by a null method). 

There was no necessity in practice to measure the thermal conductivity 
a, since the thermal conductivity of the crystalline lattice of the sub- 
stances employed in 
the construction of 
the thermocouples 
varied very little 
from one batch to 
another. 

The specimens 
were tinned with a 
special alloy (80% 
Bi-20% Sn) at a tem- 
perature of 200°C, 
fig- 52 following which, 

copper plate elec- 
trodes were soldered to the specimens. It was very important to eliminate 
any electrical contact resistance between the electrode and the specimen. 
The contact resistances were measured by a null method (using alterna- 
ting current). 

The batteries were assembled by connecting positive and negative 
specimens, separated by layers of electrical insulation, in series. 
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the « onstrui lion of snrh n linltery Is shown In fig. 52 Tit* tnatlng of 
the complnlnd liiitlnrien consisted of the mmaurnmant of A/' mil , in vm no 
The tests showed thnt the thermolHilterles prepared for the refrigerators 
gave an average maximum temperature drop of 47°(! (from ♦ 4 0‘ ’ C 1 to ■ 7"D. 
It should be noted that the latest thermoelements, prepared at the Insti- 
tute for Semiconductors of the Academy of Sciences of the U.S.S. H. from 
new alloys, give a much greater temperature drop (approximately 7Q , ‘L) 
for the same hot junction temperature. 

Tests were also carried out on a single-stage and a two-stage battery 
subjected to a heat load in vacuo. The heat load was applied from a plans 
electrical heater pressed against the cold junction of the battery hut 
separated from it by a layer of mica. 

These tests made it possible to assess the coefficient of performance 
of the battery, determined as a ratio of the power supplied to the heater 
I Vj to the power consumed by the battery : 



for various currents / flowing through the battery. 

The radiators fitted to the hot junction were made of copper and moun- 
ted in a row on the top parts of the rear and side walls. The design of 
the radiators ensured a temperature difference between them and the 
surroundings of not more than 4—5°. The internal cooling radiutors were 
made of aluminium and arranged in a similar row on the upper part of the 
back wall of the refrigerated chamber. The surface area of the cooling 
radiators was 1.4 m 1 
and of the heat dis- 
sipating radiators 
was 3.8 m*. 

The appearance 
of the cabinet is 
shown in fig. 53 and 
its cross-section in 
fig. 54. 

Four sets of two- 
stage thermobat- 
teries with a total 
refrigerating capa- 
city of Q 0 = 20 
keal/hr were con- 
structed for the re- 
frigerator. Tests on 
the refrigerator gave 
the following results. With a d. c. power consumption of 40 W, a temperature 
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of — 2°C was net up ul the centre of the refrigerated chamber mid wit). >■ 
power consumption of 30 W the tenipernlure was i2"(I. llie temperature 
of the surroundings was +19°C. Steady conditions were ant up in llii< 
refrigerator after 4-5 hours. Tests on the cabinet showed a real panel hi 
lity of constructing a thermoelectric refrigerator on u commercin' settle 
with a more economical operation than that of absorption refrigerators 

A semi-commercial model of a thermoelectric refrigerator was con 
structed at the beginning of 1956, in conjunction with No. 2 Stamping 

Works of the Directorate 

= - fire TTp' i TT i' T i V i 'm i i^nrnrmmTrrTI = = 1 based on the cabinet of 

■ pg lpJI | l | i |l, i*liH urn lllilnl^al == 5 !, the Leningrad absorption 

* I is | |1§1 ^ =I^j| refrigerator. The cooling 

di||| ^ ^ |li3jj = i units consisted of the 

1 -"i = 1 1 ^| ■* 1 e§|| = r 1 thermobatteries used in 

^y*f the earlier model. The 

2^ y — j j % radiators fitted to the hot 

J — 1 junctions were made of 

f y' /r* T m aluminium and mounted on 

the rear wall of the refri- 

~ I ^ m gerator. The internal ra- 

diators, also of aluminium, 

occupied the greater part 

Fig. 54. Diagram of a refrigerator (as seen Q f the wa i| „f th „ 

from above). refrigerated chamber. The 

1 - the refrigerator chamber, 2 - cooling cooling unit as a whole 

radiator, 3 - thermobattery, 4 - hot radiator. . , , , . 

consisted of four sets of 

two-stage thermobatteries 

Each two-stage thermobattery was clamped between the cooling and heat- 

dissipating radiators. 

The useful volume of the refrigerated chamber was 40 litres. The heat 
dissipation from the hot radiators was attained, as in the previous model, 
by natural convection of the surrounding air. The refrigerator could be 
plugged directly into the 127 V mains. Rectification of the current and 
smoothing out of current ripples was achieved with the aid of a small 
rectifying unit assembled from germanium rectifiers. This unit was placed 
in the bottom part of the refrigerator shell. 

Fig. 55 shows one of the four sets of thermoelements from which the 
unit was assembled. Fig. 56 shows the back wall of the refrigerator. 

Tests on the refrigerator gave the following results: 

1 ) under static operating conditions the temperature at the centre of 
the refrigerated chamber was equal to 0 °, in the lower part of the chamber 


Fig. 54. Diagram of a refrigerator (as seen 
from above). 

1 - the refrigerator chamber, 2 - cooling 
radiator, 3 - thermobattery, 4 - hot radiator. 
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2", mill nt llm cooling rNilintora ft"(! (si s temperature of llm aorrumiil 

lugs of 20 22*C)| 

2) the power consumption (d.c.) of llm refrigerntor when starting up 
won 75 W nnd for steady operation was 55 W; 

I) the power drown from the a.c. muins under steady conditions was 

75 W; this power could, however, huvc been reduced to 65 70 V. by using 

better quality transformers in the 
rectifying unit. 

3.2 Other applications of thermo- 
electric cooling. As has been 

mentioned earlier, the first thermo- 
electric refrigerators were less 
economical than compression refri- 
gerators, the coefficient of perfor- 
mance of this order could be 

obtained with thermoelectric refri- 
gerators with the values of z raised 
to 2.5x10"* to 3x10'* using two- 
stage cooling, and to 3x10"* using 
single-stage cooling. Very recently 
requisite conditions have been 

treated for good quality domestic refrigerators. Refrigerators tested in 
IU-104 passenger jet aeroplanes were found to give satisfactory servil e 
Similar refrigerators are being developed for the railway transport. 

However, even at the present time, there is an ever increasing number 
of fields of application in which semiconductor thermoelements have 
undisputed advantages over other cooling systems. We have in mind eases 
when it is necessary to cool small objects representing a thermal load 
of a -few watts. Even the smallest contemporary cooling unit of any lypr 
will weigh much more than the cooled object and consume not less than 
20-30 W of electrical power, whereas a cooling thermoelement with the 
same refrigerating capacity may weigh as little as 5-10 g and consume 
less than 1 W. Important factors here are the absence of rotating parts, 
such as are used in compression refrigerators, low inertia, and practically 
unlimited service life. 

We shall consider now a few examples of possible applications of 
cooling thermoelements and thermobatteries. 

The use of cooling thermoelements in meteorology. The measurement 
of air humidity is important in meteorological observations and in the 
control of numerous technological processes. One of the instruments most 
widely used for this purpose is the condensation hygrometer which relies 
on the measurement of the dew point for the determination of the relative 
humidity. 
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Fig. 57 


It should be noted that the inertia of the semiconductor thermoelement 
may be reduced simply by a reduction of its length, permitting the use of 
such instruments for meteorological 
observations from an aeroplane. Another 
method of reducing the time required 
lor attaining the necessary temperature 
drop consists of operating the thermo- 
element under pulsed current conditions. 

In this case the current pulses substan- 
tially exceed the optimum current. The 
reduction of the time for achieving 
A7 max across the thermoelement is due 
to the fact that the Peltier effect (pro- 
portional to the firstpower of the current) 
is a surface phenomenon and has a very 
low inertia, whereas the process of 
transfer of the Joule heat, generated in 
the volume of the thermoelement, to the cold junction is characterised by 
a much higher inertia. 
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This last method can only be used, however, when a pulsed temperature 
drop is required; the pulses should be fed at sufficiently large intervals 
to allow the thermoelement, in which much more Joule heat is generated 

than under stationary conditions, 
to reach equilibrium with the 
surroundings. 

The behaviour of semicon- 
ductor thermoelements under non- 
stationary conditions has not 
yet been sufficiently investiga- 
ted. Work in this direction is 
continuing. 

An oil trap for vacuum pumps 
developed by E. A. Kolenko at 
the Institute for Semiconductors 
is shown in fig. 58. It consists 
of a cylindrical attachment with 
two flanges which is connected 
between the pump and the evacu- 
ated enclosure, using lead gas- 
kets. 

To the cold junctions of the thermobatteiy are soldered polished con- 
densing baffles, whilst the hot junctions are in contact with the outer 
wall (fig. 59). The outer wall is surrounded by a water-cooled jacket. The 
thirteen baffles are mounted 
at an angle so that the 
migrating oil vapour mole- 
cules are subjected to mul- 
tiple collisions. The thermo- 
electric battery reduces the 
temperature of the plates to 
approximately — 30°C at a 
temperature of the surroun- 
dings of +20°C. 

The thermoelectric bat- 
tery consumes 10—12 amp 
at a voltage of 0.6— 0.8 V; 




its power consumption is 
therefore of the order of 
10 W. In the absence of a 


Fig. 60. Section through the trap. 

1 and 9 - flanges; 2 - soldered joint; 3 - cur- 
rent terminal; 4 - glass insulator; 5 - Kovar 


C“P; 6 - oxidised aluminium ring; 7 - copper 
E. A. kolenko, Pnbory . ring; 8- water jacket; 10 - shell; 11 - cooling 
Tekh. F.ksper., 1957, No. 3, baffles; 12 - thermoelectric battery; 13 - 
P • U2. cooling water inlet. 
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d.c, source, the Imp may be fed Ity n,c. through a standard selenium 
rectifier. 

Fig. 60 shows n section through the trap and its main components. 

When compared with liquid oxygen and liquid air vacuum traps, the 
thermoelectric unit does not entail the risk of an explosion, ns may occur 
when a glass trap cracks and oxygen mixes with the oil. Moreover, liquid 
air and liquid oxygen are not always available. 

In the microtome shown in fig. 61 a few thermoelements are used to 
keep the tissue at the optimum cutting temperature permitting sections ns 
thin as 2 p to be cut without 
difficulty. 2500 such microtomes 
have already been distributed. 

Low temperature cooling. In 


1954 tests were carried out on 
low temperature cooling with a 
three-stage thermopile. Thermo- 
elements used for the construc- 
tion of the thermopile had 
z = 1.3 x 10** deg**. The thermo- 
pile was designed to reduce the 
temperature by 60°C (from +20° 
to — 40°C) with a heat input to 
the third stage at — 40°C equal 
to 1 W. The temperature drop 
obtained from each stage was 
calculated so that r, = r, =f, = 33%. 

In this case according to 
equation (63) Q ^ = 4$ c and 
therefore IF, : IF, : IF, = 4. 



Table 3 contains data for the 


calculations for the thermopile. 

Column 3 shows &T max for Fig. 61 

the three stages for the specified 


temperature range, calculated from equation (16). To facilitate the design 
and also to create some spare cooling capacity, the number of thermoele- 
ments in the second and first stages was somewhat increased and amounted 
to 18 and 72 thermoelements respectively. 

As may be seen from table 3, the successive stages had steeply 
decreasing surface areas. To ensure the requisite heat transfer from the 
hot junctions of the third and second stages, 10 mm thick copper plutea 
were placed between the stages of the thermopile. Electrical insulation 




together with good thermal contact waa achieved with the aid of mtia 
sheets 20 p thick, wetted with mineral oil. The thermopile etagea were 


volta 


Note: N - number of thermoelements; Q c - cooling capacity of the stage. 


connected electrically in series in such a manner that the leads joined 
the cold junction of one stage to the hot junction of the next stage. 

Fig. 62 shows the assembled thermopile. As has been mentioned above, 
the cooling capacity of the third stage at the temperature of — 40°C was 


designed for 1 W only. Such small heat loads can only exist under heat 
insulation conditions which are close to ideal (i.e. in a high vacuum). 

The vacuum apparatus, shown in fig. 63, consisted of a steel base 1 
which also served as a radiator dissipating heat generated by the first 
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thermocouple 
Insertion tube 


stage of the lhnrmiipll«| the chninher 2 with ilriulallug water (nr control 

ling the temperature of the radiator) forevaciimn and high vacuum pumpa) 

anil a glaan bell jar .’(.The thermocouples lined to measure the temperature 

of the various portions of the pile were inserted into holes in the flanges 

4, and the leads into flunges 6 which were insululed from the base, (iood 

contact between individual stages of the thermopile was achieved with 

the aid of a speciul device 

6. The very small contact 

area between the knife 

edges of the clamping device 

and the pile (hundredths of 

a cm 1 ) made it possible to 

neglect heat flow to the 

cold junctions of the third 

.. f , ■ropfinf 

When it was found nece- II j I I -W II f 

ss ary to vary the tempera- i A w ** "J ° [j-— 1 

ture of the radiator by an JJ IL 

• Li .. “ ' 1 " to pumps 

appreciable amount, con- ♦ to ultrothormostot 

tainer 2 was connected to j IL 

an ultrathermostat using a thermocouple 

circulating liquid cooled insertion tube 

with solid carbon dioxide. Fig. 63 

Copper-constantan measur- 
ing thermocouples were connected to the cold and hot junctions of all 
stages of the thermopile. The effect of a thermal load on the operation of 
the thermopile was investigated with the aid of a small constantan heater 
cemented to the cold junctions of the third stage. 

Table 4 sums up the results of the measurements of the temperature 
drops produced by two and three stages of the thermopile, with and without 
a load, for various temperature intervals. 

It will be seen from the table that when the heater was not switched 
on, the three-stage thermopile produced a temperature drop of 73° (from 
+26° to — 47°C). In this case \T of the third stage was 29.5°. A7" 
calculated from equation (16) for the operating conditions of the third 
stage (at z = 1.2 x 10”*) is equal to 30.6°. This difference seems to be 
due to a small heat load consisting of the flow of heat along the leads 
to the heater, the heat absorbed from the radiating surroundings, and the 
heat conducted by the rarefied air (vacuum of 10"’ - 10 - * mm Hg). Calcula- 
tions show that the heat load which can be attributed to these factors 
amounts to 0.1 W. 

Table 4 also contains results of tests with thermal loads applied to 
the thermopile. At loads of 0.55, 1, and 3 W the temperature drop produced 
by the thermopile was reduced by 7°, 11°, and 29°C respectively. 


Fig. 63 







I II Ml M 1 1 m i CTNIC: i mil INil 



Columns 5 ami 6 show tlir rcaulta obtained wi lit two atngea (I nml II) 
of the thermopile in vurious temperature ruugi'N (cooling from t.’)7°L and 
from +3°C). 

TABLE 4 


Heat, W 

7a.°C 

Ar„°c 
T h ' °C 

at,. °c 

ft* 

T 1 ", °C 


Ar 72 66 61 

Vpile . » 78 78 75 

^, /e ,A 15.5 15.5 15 

Note: AT, and AT, are undesirable temperature drops across the 
insulating layers and plates between stages 1 and II, and 
II and III of the thermopile; A T tota i is the difference between 
room temperature and the temperature of the cold junction 
of stage III. 

It is seen from the table that over the lower temperature range the 
electric power consumed by the thermopile is somewhat reduced owing 
to the lower voltage drop across the pile. This is due to the fact that in 
the material used for the construction of the thermoelement the temperature 

-*/ 

dependence of the electric conductivity was o « T 2 in the positive arm 

-V 

and a * T 2 in the negative arm. As a result of this the resistance of 
the pile decreased with the lowering of the temperature. 

Two- and three-stage thermopiles were used in experiments consisting 
of cooling of a cylindrical chamber with a volume of 1300 cm* having a 
surface area of 1600 cm 1 . In order to reduce the heat load on the thermo- 
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4 
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■ 

0 

0.55 
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3 

0 

0 

+26 

+25 

+25 

+33 

+37 

+ 3 

- 2 

- 2.5 

- 3 

+ 6 

+ 2.5 
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5 

5.5 

6 

4.5 

5.5 

6 

+ 3 

+ 3 

+ 3 

+10.5 

+ 8.5 

-13 

-18 

-17.5 

-17.5 

- 7.5 

-17.5 

-39 

0.5 

1 
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3 

- 

- 

-17.5 

-16.5 

-15.5 

- 4.5 

- 

- 

-47 

-41 

-37 

-11 

- 

- 

25 

25 

24 

25 

27 

26 

73 

66 

62 

44 

54.5 

42 

72 

66 

61 

36 

44.5 

- 

78 

78 

75 

70 

71 

68 

15.5 

15.5 

15 

14 

15 

15 
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pile In n minimum ihe nurlnie of |he tdinmbar won silvered mul polished 
(reflerllim coefficient appro*. 05%). Ihe leale were carried out in a 
vacuum of the order of 2 x 10'* to 4 * 10'* mm llg. Ihe measuring thermo 
couple was mounted in the wall of the chamber, llesults are reported In 
table 5. 

With a three-stage thermopile the temperature wne decreased to 40“ 
below the temperature of the surroundings. As will be seen from tuhle ft 
the temperature drop produced by the 

second and third stages was in this TABLE 5 

case much smaller than that produced 
by the first stage and the temperature 
difference between the hot junction 
of the first stage and the radiator 
increased considerably, leading to 

an increase of 7^ to +42°C. This 
demonstrates that the thermal load 
on the pile was fairly large. If it is 
again assumed that the thermal load 
consisted of the heat conducted by 
the rarefied air, the heat flowing 
through the clamping rods 6 (fig. 63) 
and the heat radiated by the surroun- 
dings (taking the absorption coeffi- 
cient of the surface of the chamber 
to be 0.05), then the calculated total 
heat load was 2.5 W. 

Tests were also carried out on 
cooling the chamber with the aid of 
two stages (1 and II) of the thermo- 
pile. The results were in this case 
somewhat better (table 5, column 2) 
mainly as a result of a decrease in 
the total heat load on the cold junc- 
tions of the second stage and the 
smaller detrimental temperature drops. 

Combined cooling. All single-stage refrigerating machines have defi- 
nite limits of temperature reduction below which further cooling becomes 
impossible. To achieve lower temperatures use is made of refrigerating 
machines with two, three, and more stages. The application of semicon- 
ductor thermopiles opens up the possibility of constructing combined 
units in which the first cooling stage is performed by a conventional 
refrigerating machine and further reduction of the temperature is achieved 
with the aid of a small size thermopile. In this case the thermopile is 
mounted in the evaporator of the refrigerating machine. 
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Such combined units nre eminently suitable in caaaa where the reipii 
site cooling only slightly exceedn the capabilities of n single-stage refr|. 
gerating machine. Under these condi lions it i a in many caaen more eon 
venient to use a thermopile than to replace the machine with a bulky 
two-stage plant. 

Several tests on combined cooling were carried out in the Thermoelec 
trie Cooling and Heating Laboratory of the Institute for Semiconductors. 

The first stage consisted of the cooling unit of the “ZIS Moskva” 
electric refrigerator. Cooling to lower temperatures was achieved with 
the aid of thermopile stages, for which purpose use was made of the 
stages of the previously described cooling thermopile. 

The thermopile was mounted on the bottom wall of the evaporator of 
the refrigerating unit. Good thermal contact between the hot junction of 
the thermopile and the base of the evaporator was achieved by covering 
the base with a low m.pt. alloy (m.pt. = +45°C). The pile was electrically 
insulated from the base with a layer of mica wetted with mineral oil. A 
5 cm thick layer of cotton wool served as thermal insulation between 

TABLE 6 



1 

2 

3 

4 


-24.5 

-25 

-28 

-27 

»?. °c 

-41 

-41.5 

-45 

-43 

A 7\ 

0 

2.5 



7 f.t 

-41 

-39 



7f,°C 

-63 

-47 



Ar, 


1.5 

2 

0 



-45.5 

-43 

-23 

T , c V .°C 


-68 

-70 

-78 

A T pile . °C 

38.5 

43 

42 

51 

T roo,n’ °C 

23 

25 

24 

24 

AW °C 

86 

93 

94 

102 


Note: Ar, and AT, are undesirable temperature drops across 
the insulating layers and plates between the stages 
of the thermopile; A Tf 0ta i is the difference between 
room temperature and the temperature of the cold 
junction of the last stage of the thermopile. 
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the sva|Niralor and tha surroundings Whan Inaling lha iharmoplla mtdar 
no-lond rnndiliona, tha Inalda of lha avnpornlor wna nlan pnikad with 
cotton wool. A copper container with n volume of .1 litrea (aurfuia uren 
of 2.5 x 10* cm*) nnd n cylindrical chnmbar with a volume of 0.6 litres 
nerved as the low temperature chambers. The thermopile wan fed from a 
d.c. source which was independent of the circuit supplying the power to 
the compresaor^dri ven refrigerator unit. 

The compressor refrigerator unit made it ponnible to reduce the tern 
perature of the evaporator surface to -30° to -32°C. Ihe results of testa 
are reported in table 6. 

When the compressor unit was used in conjunction with two thermopile 
stages (II and III) the temperature of the cold junction of the third stage 
was -63°C at a room temperature of +23°C. With a three-stage thermopile 
working in conjunction with a compressor unit the temperature of the cold 
junction of the last stage was -68°C. The last stage consisted of a 
single thermoelement. 

In both the aforementioned cases the stages of the thermopile working 
under a load gave temperature drops appreciably smaller than the maximum 
temperature drops. In order to produce still lower temperatures a two-stage 
thermopile with stages of widely differing power was mounted in the 
evaporator of the cooling unit. The first stage of the thermopile consisted 
of 18 thermoelements and the second of a single thermoelement. Under 
these conditions the loading of the first stage is much smaller, i.e. this 
stage produces a greater temperature drop. 

With a refrigerating unit incorporating such a two-stage thermopile, it 
was possible to reduce the temperature to -70°C at a room temperature 
of +24°C (table 6, column 3). 

Similar tests were carried out using, for the last stage, a thermoele- 
ment with an improved negative arm with z equal to 1.6x10'* to 1.7x10"* 
deg' 1 The temperature could then be reduced to -78^ for a room tem- 
perature of +24° C, the total temperature drop amounting in this case to 
102°C. 

Table 7 shows the results of combined cooling of small chambers. 
Columns 1 and 2 show the data on the cooling of a 3 litre capacity con- 
tainer (with a surface area of 2,500 cm*) with the aid of the first (72 
thermoelement) and second (18 thermoelement) stages, respectively. 
Column 3 gives the data on the cooling of a smaller capacity chamber 
(0.6 litres) with the aid of the Aecond thermopile stage. Column 4 given 
the results of tests on cooling with the aid of both thermopile stages (I 
and II). Hie cold junction of the last stage was joined to a copper sheet 
with a total surface area 900 cm*, since the size of the evacuated chamber 
was such that there was not enough space for mounting the cooling 
chamber together with a two-stage thermobattery. In this case the thermal 
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load corresponded lo the presence of a clminlier with n snrfiice nren nf 
900 cm 2 ; since no heat was generated inside the chambers, the total load 
depended on the surface area. The temperature at die surface of the sheet 
was — 46.5°C at a room temperature of +25°C. The total temperature drop 
was 71.5°C. 

It is thus possible to reduce the temperatures in chambers of up to a 
few litres capacity not subjected to thermal loads to -40° to -45°C, using 
combined cooling with an ordinary refrigerator unit. A modification of the 

TABLE 7 



design of the evaporator, aimed at positioning the main part of the cooling 
surface in contact with the surface of the hot junction of the thermopile 
will obviously reduce the hot junction temperature of the thermopile to 
-30° to -32°C and permit the achievement of still lower temperatures in 
the chamber. 

In principle it is also possible to provide a combination of ordinary 
and theimoelectric cooling methods with the thermopile serving as the 
first stage, i.e. with the cold junction cooling the condenser of the 
refrigerator. In this case the thermopile operates under more favourable 
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conditions sinus A T mal Increusea with Ilia Increase of the lempsrslar* 
of the colil junction and therefore die coefficient of performance of the 
thermopile for a given temperature drop also increases, 

Thermostatic temperature control. The Peltier effect has a reversible 
character, i.e. when the direction of current flow ia changed the cold 
junction becomes the hot junction, and vice versa. This property permits 
the use of thermopiles, when necessary, ns heating units; from the point 
of view of power utilisation, up to a certain A T nax , Peltier heating is 
preferable to conventional resistance heating. In this case, in addition 
to the Joule heat generated in the thermopile in the same way as hi a 
conventional heater, heat is also pumped by die Peltier effect from the 
cold junction to the hot junction. For small temperature differences (10" 
to 20°C) thermoelectric heating is much more efficient (3 to 4 times) than 
conventional resistance heating. 

One of the important applications of thermopiles will undoubtedly ha 
their use for temperature control. 

Semiconductor (principally germanium) devices have found wide nppli 
cation in many branches of radio engineering. They suffer, however, from 
a very important disadvantage, viz, rapid deterioration of their operating 
characteristics at temperatures above +50° or +60°C and below -40° or 
-50°C, which in many cases prevents the conversion to transistor opera 
tion of electronic circuits and equipment exposed to overheating. 

In 1955, tests were started, with the assistance of Prof. Yu. S. Bykov, 
on the thermostatic control of small volumes (up to 1 litre) which could 
house the most vulnerable parts of electronic und other equipment. A pile 
consisting of 18 thermoelements was used as a temperature stubiliser. 

The volume, the temperature of which was stabilised, was die interior 
of a copper container insulated with a 1 cm thick felt cover. Inside die 
container was mounted a bimetallic temperature control unit which, dirougli 
a relay, reversed the current in the thermopile at a temperuture inside 
the chamber of +42°C. The pile operated in this case as u cooler or a 
heater depending on the direction of current flow. In one arrangement 
the radiator consisted of an aluminium block (the chassis) with a total 
surface area of 1500 cm 2 and a thickness of 1.5 mm, and, in anodier 
arrangement, a copper radiator with a surface area of 12,000 cm* was 
employed. 

Tests on controlling the temperature of the chamber with the aid of a 
pile under still air conditions, using an aluminium chassis ns the radiator, 
gave the following results. 

The temperature difference between the hot junction of the thermopile 
and the inside of the chamber wus 42° (f45°, +87°C). It should also be 
noted that subsequent measurements showed that die temperature inside 
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the chamber was 3° to 4° hitter than at the colli |unctloo o( the thermo 
element (owing to heat flow from the aurrmindingi' through the chuoihet 
wall). Thus AT for the pile won 45" 47°C. 'Hie temperature Jiffereore 
between the inside of the chamber and the surroundingn wan, under theae 
conditions, only 10° (+45°, +55°C). This was due to the presence of two 
large detrimental temperature differences: 

1) a temperature difference along the chassis (between the area under 
the hot junction and the edge of the chassis) amounting to 16°-1R U mid 
due to the small thickness of the top of the chassis (1.5 mm) and inade- 
quate thermal conductivity of the material from which the chassis was 
made. 

2) a temperature difference between the chassis and the surroundings 
due to the low thermal conductivity of still air. This temperature difference 
reached 15°-16°. 

To reduce the temperature difference between the chassis and the 
surroundings measurements were made using a small fan to ventilate the 
chassis. Under these conditions the temperature difference became much 
smaller and was only 4° to 4.5°. The temperature difference along the 
chassis remained, as was expected, practically unaffected. The tempera- 
ture difference between the inside of the chamber and the surroundings 
increased to 18° to 19° (+45°, +64°C). 

In order to study the possibility of reducing the temperature difference 
along the chassis tests were carried out on the thermopile-chamber 
combination after replacing the chassis with a copper radiator of a much 
larger surface area (12,000 cm 1 ) and a much thicker upper wall (5 mm). 
The ventilating conditions remained unchanged. In this case the tempera- 
ture difference along the radiator decreased to 6° to 7° (as compared with 
16°-18^ . The temperature difference between the radiator and the surroun- 
dings decreased to 2.5° to 3° (owing to the larger surface area of the 
radiator). The temperature difference between the inside of the chamber 
and the surrounding air increased to 21° to 22° (+45°, +66° to +67°). This 
relatively small increase of the temperature difference can be attributed 
to the fact that, for temperature differences of this magnitude, the pile 
operated under a large thermal load (with the available insulation the heat 
load for AT = 15° or 20° was 6 to 7 watts). A further increase of the 
useful temperature difference with a pile having the same power and 
efficiency can be achieved by improving the insulation or by using a 
small metallic radiator on the chassis under the pile. 

Tests at sub-zero temperatures of the surroundings were carried out 
by Yu. S. Bykov. In this case the temperature inside the chamber was 
maintained at +45°C, when the temperature of the surroundings fell to 

-21°C. 

Thus a pile of the investigated type, loaded with an insulated volume 
of 0.6 litres, can produce a temperature difference between the hot and 
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cold juni-tlona of up to 45" In A0" nail permit the ol the 

temperature within the chamber at the level of i4A"(! for ambient tempera 
lure variations between the limita of «A5" to 2l°C. 

The problem of reducing the detrimental temperature differences and 
increasing the useful temperature difference (between the inaidn of the 
chamber and lire surroundings) ciui be solved by resort to the following 
measures: 

1) reduction of the temperature drop ucrosn the oil-covered mica layer 
at the cold and hot junctions of the pile, which in our rase amounted to 
2° to 3° at each contact. By using special varnishes and contlngs tills 
temperature drop can be reduced to 1°-1.5°C; 

2) reduction of the temperature difference between the chassis und 
the surroundings to a value of 2° to 3°. This can be achieved by forced 
convection; 

3) reduction of the temperature difference along the chassis to a value 
of 5° to 6°. This can be achieved by increasing the thickness of the 
chassis and fitting the chassis with a small radiator immediately below 
the hot junction of the thermopile; 

4) reduction of the heat load on the pile. This can be achieved by 
improving the insulation. 

Work on the solution of these problems will undoubtedly permit the 
achievement of better results in future investigations. 

Tests were also carried out on controlling the temperature of separate 
semiconductor diodes and transistors with the aid of a single thermo- 
element. In this case it was found possible either to reduce the tempera- 
ture of the transistor by 20°-25° or to increase its power by 2-3 times. 

A thermostat with a thermoelectric battery consuming 3-4 W may be 
used to keep the temperature of a thermally insulated chamber with n 
volume of 100 cm* constant at 20-30°C under ambient temperature varia- 
tions from +60 to -60°C. 

Such a thermostat has been employed for controlling the temperature 
of a crystal oscillator employing a transistor. 

A block diagram of the apparatus is shown in fig. 64. It consists of a 
temperature stabiliser 1, thermostatic chamber 2, temperature sensing 
instrument 3, controller 4, commutator 5, and power supply source 6. The 
construction of the thermostat is shown diagrammatically in fig. 20. The 
temperature stabiliser 1 consists of 15 thermoelements connected in 
series to form a rectangular plate with dimensions of 40 x 40x13 mm and 
a cooling surface area of 16 cm 2 . To increase the mechanical strength of 
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die buttery, the thermoelement* ure mounted In un ebonite (mine IV* 
thermoelement* have i » 1,7 x 10"’ deg" 1 . IV* calculated optimum current 
is 3.5 A 

The temperature stabiliser (fig. 65) is fixed to one of the wall* of the 
copper working chamber and insulated from it with thin mien lenven 
wetted with oil. The working chamber 2 
contains the oscillator unit 3 and a 



Tig. 64 


Fig. 65 


with fins 7. The space between the working chamber and the jacket is 
filled with mipora (an expanded plastic material). TTie total weight of 
the thermostat is 2 kg and its dimensions are 160x140x110 mm. 

Small thermostats employing thermoelements have also numerous 
other applications. For example, an automatic 0°C reference point was 
constructed in which a thermoelement maintains water all the time at a 
transition point between the liquid and solid phases. Thermostats are 
also used to distribute the sperm of bulls to collective and state farms 
for artificial insemination, thus assisting the breeding of high grade 
cattle. The temperature is maintained at a suitable level so that the 
sperm remains active for a long period of time. 

3.3 Data from foreign literature. There has so far been very little 
information in the foreign literature giving results of investigations on 
results of investigations on thermoelectric cooling. 

In 1953 there appeared a review article in the journal "Kaltetechnik” 
(German Federal Republic) outlining the results of an investigation by 
German scientists in this field.* The author of the paper reached the 
conclusion that the maximum temperature drop which could be obtained 
with the aid of thermoelements did not then exceed 26°C. In 1954 British 
scientists reported that they were able to achieve a temperature drop 
of 37°C.** 


• • 


E. Justi, Kaltetechnik, No. 6, 130, 1953. 

H. J. Goldsmid and R. W. Douglas, British Journ. of Appl. Phys., 3, No. 11, 
386, 1954. 
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At lbs end of 1955 u report wo* published in the American |oumnl 
"Product Kn gin erring" that the Radio Corporation of America bad con 
ntructed a prototype domestic refrigerator baeed on the Peltier effect. 
Tlii* brief mention wan, however, only of an advertising nature and dill 
not contain any information about the materials of the thermoelements or 
other characteristics of the refrigerator. It was only noted that the heat 
transfer from the hot junctions was achieved with the nid of circulating 
water, from which it may be concluded that die efficiency of die thermo- 
elements was low. judging from die photograph shown in die journal the 
volume of the working chamber did not exceed 10 litres.* 


• Mm* mi «-iilly. I' F. Shilliday has published an article “The Performance 
of Conipnsll* I ‘ It t «r I mi i i ion of Bismuth Telluride” ( Journ Appl. Phys., 28, 

103 r i, |0\7I I Ihliifi i hr work done at the Battelle Memorial Institute. (Editor's 

note) 





CONCLUSIONS 


When current-quality materials are used in the construction of thermo- 
elements in thermo batteries for cooling volumes of tens of litres, thermo- 
electric refrigerators are more economical than absorption units but ore 
as yet inferior to compression units. 

It is, however, well known that the coefficient of performance of « 
compression refrigerator decreases with the decrease of its capacity. 
Therefore, when it is necessary to design a refrigerator for cooling n 
chamber of only a few litres capacity, thermoelectric cooling with the 
existing thermoelements is already preferable, from the powerconsumption 
viewpoint, to cooling with compression units; it also has certain other 
advantages, such as the absence of moving parts, freedom from corrosion, 
etc. 

There is no doubt that, for controlling the temperature of small units, 
thermoelectric cooling has no competition from existing refrigerators of 
the conventional types. 

This book has described results obtained with thermoelements de- 
veloped in the period 1952-1955 at the Institute for Semiconductors of 
the Academy of Sciences of the U.S.S.R. 

We now have at our disposal thermoelements with much better perfor- 
mances and there is every reason to believe that the efficiency of thermo- 
electric refrigerators will, in the immediate future, exceed that of com- 
pression-type refrigerating plants and that the fields of application of 
thermoelectric cooling will become much wider. 
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